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20.  ABSTRACT  (Cont'd) 

vacuum.  Results  of  elastohydrodynamic  film  thickness  measure- 
ments for  DMA-type  bearings  operating  in  vacuum  and  having 
various  ball-retainer  materials  as  well  as  different  retainer/ 
bearing  processing  variables  are  presented  and  discussed. 

Also,  the  effects  of  frequency  and  extremes  of  temperature 
variation  on  these  bearings  are  presented.  Model  studies 
using  an  EHD  optical  tester  to  perform  fully  flooded  and 
starved  lubrication  experiments  are  also  presented  and  dis- 
cussed. The  results  from  long-duration  tests  with  DMA-type 
bearings  having  ball-piloted  retainers  and  operating  in 
vacuum  are  also  presented.  There  were  no  long-term  bearing 
failures  and  examination  of  the  bearings  after  tost  termina- 
tion reveals  that  substantially  full  EHD  lubrication  (not 
flooded,  but  separation  of  bearing  surfaces)  at  the  ball-race 
contacts  apparently  prevailed  for  the  duration  of  the  tests. 
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SECTION  I 


INTRODUCTION 


1.  Objectives  and  Scope 

The  Statement  ol  Work  of  Contract  F336I 5-76-C-5023 
specifies  that  the  objectives  of  this  program  are;  (a)  to 
determine  the  factors  contributing  to  and  the  effect  of 
lubricant  film  thickness  on  long  term  performance  in  slow 
speed,  lightly  loaded  rolling  contact  bearings  (ball 
bearings)  operating  in  a space  (vacuum)  environment,  and 
(b)  to  develop  relationships  to  explain  lubricant  film 
thickness  and  bearing  performance  in  terms  of  the  lubricant 
composition  and  systems  parameters  significant  to  long 
term  performance  in  order  to  provide  the  foundation  for  the 
development  of  accelerated  test  methods. 

Three  major  tasks  were  outlined  in  the  Statement  of 
Work.  These  tasks  are  identified  herein  as  follows: 

Task  I — Design,  fabrication,  qualification,  and 
delivery  of  an  optical  elastohydrodynamic  tester. 

Task  II  — Experimental  measurements  of  film  thickness 
in  typical  despin  mechanical  assembly  bearings  operating 
in  a space  (vacuum)  environment. 

Task  III  — Investigation  of  the  influence  of  lubri- 
cant film  thickness  to  ball-race  composite  surface  roughness 
ratio  on  bearing-lubricant  performance  and  life  expectancy 
in  a space  (vacuum)  environment. 

2 . Background 

The  successful  long-term  operation  of  any  rotating 
mechanical  equipment  designed  for  use  in  space,  such  as 
despin  mechanical  assemblies  (DMA's)  and  momentum  wheels,  is 
strongly  dependent  upon  the  performance  of  its  bearing/ 
lubricant  system.  Due  to  the  high  cost  of  launching  a space 
vehicle,  it  is  highly  desirable  that  the  bearings  employed 
in  stabilization  components  perform  reliably  without  relubri- 
cation or  maintenance  for  extended  periods  of  10-1'3  years. 
While  successful  continuous  operation  of  more  than  5 years 
has  been  achieved  with  some  systems,  many  failures  or  abnormal 
performance  attributed  to  the  lubrication  system  have  also 
occurred  during  this  same  time  period,  (i) 

While  tn.erc  are  many  pe^ssible  failure  modes  of  space 
equipment  that  can  be  attributed  to  the  bearinq/lubricant 
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system,  the  study  reported  herein  deals  with  the  problem 
of  the  development  and  maintenance  of  adequate  oil  film 
thicknesses  at  the  ball-race  contacts  of  rolling-element 
bearings.  In  order  to  promote  long  life  of  a lubricated 
bearing  assen\bly,  it  is  important  to  maintain  full  elasto- 
hydrodynamic  (KHD)  lubrication  conditions  between  the  bearing 
components.  Without  full  EllD  oil  films,  surface  contact  and 
rubbing  wear  will  occur.  If  operation  in  the  boundary  lubri- 
cation regime  occurs  for  a significant  portion  of  the  mission, 
then  excessive  wear  may  occur,  which  will  significantly 
increase  the  potential  for  bearing  failure. 

There  are  many  factors  which  relate  to  the  essential 
conditions  necessary  for  the  formation  and  maintenance  of 
adequate  EHD  film  thicknesses,  in  bearings  employed  in  space 
hardware.  These  include  lubricant  properties,  lubricant  feed 
characteristics  of  retainer  materials,  lubricant  processing 
of  retainer/bearing,  bearing  design,  bearing  speed,  bearing 
load,  and  bearing  operating  temperature. 

As  a m.eans  of  estimating  the  EEID  film  thicknesses  in 
bearings  operating  in  space  equipment,  the  classical  theoreti- 
cal film  thickness  equations (2 , 3 ) may  be  used.  However,  the 
theoretical  equations  apply  strictly  only  under  ideal  condi- 
tions of  perfectly  smooth  surfaces  and  fully  flooded  inlet 
conditions.  Although  bearing  components  are  usually  well 
finished,  the  surfaces  have  a finite  roughness.  Depending 
upon  the  ratio  of  the  EHD  film  thickness  to  composite  surface 
roughness,  contact  between  asperities  may  occur,  leading  to 
rubbing  wear.  With  respect  to  lubricant  inlet  conditions,  there 
are  several  factors  which  contribute  to  lubricant  starvation 
in  bearings  operating  in  space  hardware.  One  factor  contri- 
buting to  possible  starvation  is  the  limited  lubricant  supply 
available  to  the  bearings.  Another  factor  promoting  starvation 
is  the  continual  wiping  of  the  surfaces  of  the  rolling  ele- 
ments by  the  rolling-element  retainer. 

Previous  studies  ^ have  been  conducted  to  determine 
the  effect  of  lubricant  starvation  on  the  EHD  film  thickness. 
These  experimental  and  analytical  studies  showed  that  as  the 
supply  of  lubricant  is  reduced,  the  inlet  lubricant  boundary 
moves  toward  the  Hertzian  region,  and  the  film  thickness  is 
reduced.  As  the  inlet  boundary  approaches  the  Hertzian  radius, 
the  film  thickness  approaches  zero.  Although  these  studies 
succeeded  in  explaining  the  effect  of  inlet  boundary  on  star- 
vation, it  is  still  not  known  how  the  inlet  boundary  position 
can  be  related  to  design  and  operating  variables. 

In  summary,  the  present  state  of  knowledge  does  not  permit 
an  accurate  estimation  of  the  oil  film  thickness  in  an  oper- 
ating bearing  in  terms  of  the  design  and  operating  variables 
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known  to  im  luonco  t lio  film  tliicknoss.  Conse<iuent  1 y , in 
order  to  evaluate  whether  or  not  an  adociuato  oil  film  thick- 
tu'ss  iiri'vails  in  t hi'  bearitri  so  as  to  insure  full  Eli!)  opeia- 
tion,  ev|'cr  imental  measurement  of  the  film  ttiiekness  in 
bearuiijs  operating  in  a simulated  si'ace  environment  is 
requ i r ad . 

In  a previous  study(^fii)  sponsored  by  the  Air  Force 
Materials  I.aboratoiy  (Ai'ML),  Southwest  Research  Institute 
(bwRI)  developed  a beariny  race  d i spl acemen t measurement 
technieue  which  [>rovides  a ipiant  i tat  i ve  , accurate,  and 
I'eproduc  i bl  e method  of  measurinq  tdie  FHD  film  thicknesses 
formed  in  an  op'cratinq  bearing  in  vacuum.  Kxi>eriments  were 
performed  on  typical  DMA  bearings  lubricated  with  various 
oils  and  operating  in  a space  (vacuum)  environment.  The 
work  reported  herein  is  an  e.xtension  of  the  previous  work, 
and  includes  a detcrmiruit  ion  of  the  effects  of  certain 
variables  not  evaluated  in  the  previous  study. 

For  the  work  reported  lierein,  the  experimental  [irogram 
involving  measurement  of  the  FllD  film  thicknesses  in  oper- 
ating bearings  was  dii’idcd  into  two  tasks.  Task  II  involved 
short-term  tests  cm  typical  DMA  bearings  operating  in  a 
vacuum  to  examine'  how  DUD  film  tiiickness  is  affected  by 
oil  feed  characteristics  of  different  retainer  materials, 
procossincj  techniijues  used  in  applying  lubricant  to  the 
retainer/bearing  assembly,  and  frecjuency  and  extremes  of 
envi  rcanmental  temperature  variation.  Complc'ment  i ng  these 
studies  with  actual  boarinejs,  model  tests  were  coirducted  in 
the  SwRT  optical  KHD  tester  to  study  the  factors  which 
determine  whotlier  FUD  contacts  in  a bi'aring  operate  in  a 
flooded  or  starved  condition. 

In  T.isk  III,  long-duration  tests  wc're  conductoii  on 
bearings  c:>perating  in  vacuum.  The  cabjectivc'  of  thc’se  tc'sts 
was  to  qonerati  c'xperinu'ntal  data  relating  the'  c>il  film 
thickness  to  bearing  performance  for  the  purpose  of  providing 
a realistic  foundation  for  the  developmc.'nt  of  ac'cc’lcra  ted 
tests  fear  bearing  lift’  fired  iction . 
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SKCTION  II 


TEUT  MATERIALS  AMD  EQUIPMENT 


1 . Test  Bearinqs 

Ttie  test  bearincjs  selected  for  use  in  this  program  are 
oi  the  design  shown  in  Figure  1.  Manufactured  by  the  Marl in- 
Rockwell  Company,  these  typical  DMA  bearings  are  ABEC-7 
grade,  angular-contact  ball  bearings  with  a counterbored  inner 
race,  100  mm  bore,  and  a contact  angle  of  26°  ' 1°.  The 
bearings  have  a ball  complement  of  19  balls,  15.9  mm  (5/8  in.) 
in  diameter.  The  rings  and  balls  are  made  of  440C  stainless 
steel . 


The  surface  finish  o 
approximately  0.025  pm  (1 
of  the  races  is  not  the  s 
bearings  used  in  the  shor 
finish  of  the  races  is  th 
mately  0.102  pm  (4  pin.) 
marks).  All  the  bearings 
previously  for  use  in  an 
short-term  tests  had  been 
the  earlier  studies,  so  t 
this  program.  The  boarin 
before  they  were  reproces 


f the  balls  in  all  test  bearings  is 
pin.),  however,  the  surface  finish 
amo  for  all  bearings.  For  the 
t-term  tests  of  Task  II,  the  surface 
e MRC  "standard"  finish  of  approxi- 
transverse  (across  the  grinding 
used  in  Task  II  had  been  manufactured 


earlier  program. 


(8) 


However,  only 


londucted  with  those  bearings  durin 
hat  they  were  suitable  for  reuse  in 
gs  were  thoroughly  cleaned  by  BBRC 
ed  with  fresh  lubricant. 


For  the  long-term  tests  of  Task  III,  the  surface  finish 
of  the  races  is  0.40S  pm  (16  pin.)  transverse.  This  relatively 
rough  fini.sh  was  used  in  order  to  generate  a low  ratio  of  the 
lubricant  film  thickness  to  ball-race  composite  surface  rough- 
ness, for  the  purpose  of  determining  the  influence  of  this 
ratio  on  bearing-lubricant  performance  and  life  expectancy. 

The  hearings  for  the  Task  III  tests  wore  new  bearings  fabri- 
cated by  MRC  for  this  program. 


Three  different  materials  and  two  different  designs  were 
employed  for  the  test  bearing  retainers  \ised  in  this  program. 
The  matf^rials  used  for  the  retainers  included  porous  nylon, 
porous  polyimide,  ami  plicnolic,  the  latter  being  constructed 
of  layers  of  cotton  fabric  impregnated  with  a tliormosotting 
resin.  All  three  materials  are  suitable  for  oil  impregnation. 
The  porous  nylon  material  was  manuf actvired  by  the  Polymer 
Corporation  and  is  identified  as  Nylasint  64I1V-2.  The 
porous  polyimide  matt'rial  was  manufactured  by  the  Dixon 
Corporation  and  is  identified  as  Meldin  9000.  The  phenolic 
material  was  manufacture,!  by  the  .Synthano-Tay  1 or  Corporation 
and  is  identified  as  Synt  hane  Grade  I.BB.  For  the  Task  II 
tests,  an  outer-1  atul-pi  lot  ed  letainer  -iesi,in  was  employed. 
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General  Features  ol  Tost  Bearings 


and  retainers  were  fabricated  from  all  three  of  the  materials 
described  above.  The  phenolic  retainers  were  those  which 
had  been  manufactured  by  MKC  and  supplied  with  the  bearings 
obtained  during  the  earlier  program  mentioned  above.  The 
porous  nylon  and  porous  polyimido  retainers  wore  fabricated 
for  this  program  by  Ball  Brothers  Research  Corporation 
(BBRC) , who  served  as  a subcontractor  to  SwRT . For  the  Task 
III  tests,  a ball-piloted  retainer  design  was  employed,  and 
all  of  the  ball-piloted  retainers  were  fabricated  for  this 
program  by  MRC  from  the  phenolic  material.  The  ball-piloted 
retainer  design  is  shown  in  Figure  2. 

2 . Tes t Oils 

Basically,  two  test  oils  were  included  in  this  study. 

One  is  BBRC  36233,  which  is  an  oil  that  has  been  space- 
proven  through  considerable  hardware  experience;  the  ot.her  is 
Apiexon  A containing  an  antiwear  additive  and  an  antioxidant. 
Two  levels  of  antiwear  additive  concentration  in  the  Apiezon 
A oil  were  studied. 

The  rheological  properties  for  these  oils  have  been  pre- 
sented in  detail  previously ,( 7 ) consequently  only  a brief 
description  of  the  oils  will  be  given  here.  The  base  stock 
for  BBRC  36233  is  Apiezon  C,  a low  vapor  pressure  Hydrocarbon 
oil  used  in  vapor  diffusion  vacuum  pumps.  As  determined  at 
SwKI , BBRC  36233  has  a kinematic  viscosity  of  105  x 10~6 
m^/s  (105  cs)  at  37.8  C (100  F) . For  an  antiwoar  additive, 
the  oil  contains  5 percent  of  a concentrate  of  lead  naph- 
thenate.  This  concentrate  is  approximately  88  percent  lead 
naphthenate  and  12  percent  straight-chain  hydrocarbons  with 
a lower  boiling  point  than  the  lead  naphthenate.  For  an 
antioxidant,  BBRC  36233  contains  1.5  percent  p , p ' -dioctyldi- 
phenylamine.  The  Apiezon  A oil  is  also  a low  vapor  pressure 
hydrocarbon  oil,  but  is  less  viscous  than  Apiezon  C.  The 
kinematic  viscosity  of  Apiezon  A without  additives,  as 
determined  at  .SwRf,  is  28  x 10“6  m2/s  (28  cs)  at  37.8  C 
(100  F) . Two  oil  formulations  utilizing  Apiezon  A as  the 
base  stock  were  employed  in  this  program.  One  formulation 
contained  5 percent  of  the  lead  naphthenate  concentrate,  and 
the  other  formulation  contained  0.5  percent  of  that  additive. 
Both  formulations  contained  1.5  percent  of  the  same  antioxi- 
dant additive  used  in  BBRC  36233. 

The  test  oils  were  formulated  and  applied  to  the  test 
bearings  by  BBRC. 

3.  Bearing  Test  Rigs  and  Associ ated  I nst  rumcntat ion 

Four  identical  bearing  test  rigs  w^ve  employed  in  this 
program.  These  bc<iring  test  ri(is  hav?t'  also  been  doscribc'd  in 
detail  prev ious 1 y , ( 7 , 8 ) thus  only  a brief  description  will  be 
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Ball- Piloted  Retainer  Des 


presented  hero.  Knch  bearing  rig  accommodates  two  test 
bearings,  mountoci  on  a single  shaft  and  axially  preloaded  by 
means  of  a diaplu'agm.  Preload  can  bo  set  to  any  desired 
value  between  222N  (50  lb)  and  890N  (200  lb)  . The  boiirintj- 
shaft  assembly  is  contained  within  a cylindrical  enclosure 
which  is  attached  to  a vacuum  chamber  to  provide  the  simu- 
lated space  environment.  Rotary  motion  is  imparted  to  the 
shaft  by  means  of  a magnetic  coupling,  the  outer  magnet  of 
the  coupling  being  driven  by  a variable  speed  DC  motor 
mounted  outside  the  bearing  enclosure.  The  torque  of  each 
pair  of  bearings  is  determined  by  measuring  the  angular 
displacement  between  the  driving  and  driven  magnets,  and 
relating  this  angular  displacement  to  an  angular  displace- 
ment versus  torque  curve  established  by  calibration.  Motor 
speed  is  indicated  by  means  of  a magnetic  pic)<up  activated 
by  a 60-tooth  gear  mounted  on  the  motor  shaft.  Bearing 
temperatures  are  measured  by  means  of  thermocouples  which 
contact  the  outer  ring  of  each  bearing.  The  forward  bearing 
was  held  in  the  bearing  cartridge  shown  in  Figure  1 of 
Reference  8.  This  cartridge  was  attached  to  a diaphragm 
which  provided  axial  preload  to  the  test  bearings.  This 
forward  bearing  was  closest  to  the  vacuum  facility  and 
normally  ran  at  a higher  temperature  than  the  aft  bearing, 
especially  during  long-duration  tests.  The  aft  bearing  was 
located  closer  to  the  drive  motor  as  shown  in  Figure  i of 
Reference  8. 

The  technique  employed  for  measuring  oil  film  thickness 
in  these  tests  is  described  in  detail  in  Reference  8.  Itis i - 
cally,  the  technique  involves  measuring  the  .ixial  displace- 
ment of  the  outer  ring  of  the  bearing  which  is  elastically 
restrained  by  the  loading  diaphragm.  This  axial  disphice- 
ment  is  caused  by  the  development  of  FlID  films  i)ciwi'< n the 
balls  and  races  of  the  bearings.  The  measurement  is  made 
with  a linear  variable  differential  transformer  (LVDT) . 
Through  the  use  of  a computer  program,  the  HlID  film  thick- 
nesses are  calculated  from  the  axial  di spl acement . 

4.  Bearing  Retainer  Models 


To  investigate  the  lubricant  feed  charactin  i st  i cs  of 
various  retainer  materials,  and  1 1 so  to  study  t h.e  effects  of 
bail  spacing  on  FllD  film  thickness  behavior  in  a beat  in  i, 
models  of  beariru]  retainers  were  employ<>d.  These  models 
were  tested  in  th<!  .‘^wR!  o.ntical  KHD  tester  descrilu'ti  in 
Reference  7. 

The  ret^^iner  models  were  desit)i:ed  by  .FwRI,  ami  fabricate 
and  impregnated  witli  oil  by  BftRC.  Two  model  dtusigns  wet 
used.  A single-ball  design  was  used  for  thc'  lubricatU  f (>ed 
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studies,  and  a multi-ball  desiqn  was  used  for  the  ball 
spacing  studies.  Single  ball  models  were  made  from  the 
Nylasint  64HV-2  porous  nylon,  the  Meldin  9000  porous  poly- 
imide,  and  the  phenolic.  Multi-ball  models  were  made  from 
the  Nylasint  64HV-2  porous  nylon,  the  Meldin  9000  porous 
polyimide,  and  from  a porous  nylon  also  manufactured  by  the 
Polymer  Corporation  and  designated  as  Nylasint  M-4.  The 
Nylasint  M-4  is  less  porous  than  the  Nylasint  64HV-2. 

A more  detailed  description  of  these  retainer  models 
is  included  in  Section  IV,  along  with  the  results  of  the 
tests . 
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SECTION  III 


TASK  I — DESIGN,  FABRICATION,  QUALIFICATION,  AND 
DELIVERY  OF  AN  OPTICAL  ELASTOHYDRODYNAMIC  TESTER 


As  a part  of  this  program,  an  optical  elastohydrodynamic 
tester  was  designed,  fabricated,  and  qualified  at  SwRI . The 
design  of  the  AFML  tester  was  patterned  after  an  existing 
tester  designed,  built,  and  used  in  EHD  lubrication  experi- 
ments at  SwRI. (9)  The  AFML  tester  is  a versatile  device, 
with  which  the  oil  film  thickness  profile  in  an  EHD  conjunc- 
tion can  be  measured  by  optical  interference  techniques.  The 
friction  in  the  EHD  conjunction  can  also  be  accurately  mea- 
sured. A photograph  of  the  completed  AFML  optical  EHD  tester 
is  shown  in  Figure  3. 

Basically,  the  test  section  of  the  EHD  tester  consists 
of  a steel  ball  in  controlled  rolling  and/or  sliding  motion 
relative  to  two  counterrotating  flat  disks.  The  two  circular 
EHD  contacts  formed  at  the  ball/disk  interfaces  are  lubricated 
with  the  test  oil.  The  10.16-cm  (4-in.)  diameter  disks  are 
high-strength  glass,  the  transparency  feature  being  required 
for  optical  interference  measurement  of  the  EHD  film  profile. 

The  steel  ball  is  driven  by  one  of  two  variable  speed 
DC  motors  supplied  with  the  tester.  With  the  two  motors,  a 
ball  speed  range  of  about  10  to  1,750  rpm  can  be  achieved. 

The  disks  are  driven  by  another  variable  speed  DC  motor. 

Through  the  use  of  a direction  reversing  gearbox,  the  two 
disks  rotate  at  precisely  the  same  speed,  but  in  opposite 
directions.  With  the  pulley  and  belting  arrangement  provided, 
the  disk  speed  may  be  varied  over  a range  of  about  25  to  875 
rpm.  An  electronic  counter  is  provided  with  the  tester  for 
measurement  of  the  ball  and  disk  speeds.  By  changing  the 
speed  of  the  ball  and  disks,  numerous  combinations  of  rolling 
and  sliding  velocities  may  be  obtained  at  the  ball-disk 
conjunctions . 

Load  is  applied  to  the  ball-disk  conjunctions  through 
\ a rack  and  pinion  arrangement  which  allows  the  upper  disk 

to  move  with  the  application  of  calibrated  dead  weights.  This 
loading  system  causes  the  ball  to  be  squeezed  between  the 
upper  and  lower  disks.  Loads  up  to  68,950  N/cm2  (100,000  psi) , 
limited  by  local  crazing  of  the  glass  disks,  can  be  applied. 

A gravity-feed  type  test  oil  system  is  supplied  with  the 
tester  to  provide  lubrication  to  the  ball-disk  conjunctions. 
Conjunction  inlet  temperature  of  the  test  oil  is  measured 
with  a miniature  thermocouple  that  rides  in  the  oil  film  on 
the  rotating  test  ball  slightly  ahead  of  the  conjunction  inlet. 
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A rotating  torquemeter  is  provided  with  the  tester  to 
measure  the  friction  torque  in  the  contact  zone.  This 
torquemeter  is  installed  in  the  ball  drive  shaft,  and  has  a 
maximum  capacity  of  17.8  N-cm  (25  oz-in.).  The  torquemeter 
was  calibrated  at  SwRI , and  a calibration  curve  is  furnished 
with  the  tester. 

The  tester  also  features  a calibrated  optical  inter- 
ference system  for  measuring  the  EHD  film  thickness  profile 
in  the  upper  ball-disk  conjunction.  This  system  consists  of 
a microscope,  light  source,  light  collimator,  and  camera. 

After  the  tester  was  fabricated  and  assembled,  it  was 
operated  to  insure  that  all  systems  were  functioning  properly. 
The  tester  was  then  partially  disassembled,  carted,  and  shipped 
to  AFML  in  August  1976.  An  operator's  manual,  which  fully 
describes  the  tester  and  its  operation,  was  furnished  with 
the  tester. 


SECTION  IV 


TASK  II  — EXPERIMENTAL  MEASUREMENTS  OF  FILM  THICKNESS 
IN  TYPICAL  DESPIN  MECHANICAL  ASSEMBLY  BEARINGS 
OPERATING  IN  A SPACE  (VACUUM)  ENVIRONMENT 


I . General 

The  purpose  of  this  task  was  to  make  quantitative  film 
thickness  measurements  in  the  EHD  conjunctions  of  typical  ' 

DMA  bearings  operating  in  a simulated  space  (vacuum)  environ- 
ment. As  previously  outlined,  the  measurements  include 
evaluation  of  parameters  such  as: 

a.  effectiveness  of  oil  feed  from  the  retainer 

b.  effect  of  retainer/bearing  processing  variations 
on  the  ability  of  the  bearing  to  form  a film  of 
adequate  thickness 

c.  flooded  versus  starved  contact 
and  operational  variables  such  as 

d.  load 

e.  speed  i 

4 

f.  frequency  and  extremes  of  temperature  variation  ■ 

In  the  work  conducted  during  previous  years  and  reported 
in  References  7 and  8,  extensive  film  thickness  measurements 
were  made  on  various  oils  and  oil-additive  combinations  using 
bearings  operating  in  vacuum  and  also  using  the  SwRI  optical 
EHD  tester.  As  reported  in  Reference  8,  the  effects  of  the 
variables  of  load,  speed,  and  oil  properties  such  as  viscosity 
on  EHD  film  thickness  can  be  adequately  correlated  by  the  use 
of  suitable  dimensionless  parameters  which  include  these 

variables.  Also  as  reported  in  Reference  8,  no  effects  of  the  i 

various  additive  packages  on  film  thickness  formation  were  ob- 
served. In  addition,  it  is  believed  that  the  effects  on  film 
thickness  of  any  batch- to-batch  variation  in  base  stock  can  be 
adequately  handled  by  using  the  measured  viscosity  of  the 
particular  batch  of  oil  under  consideration.  While  there  may 
very  well  be  other  effects  of  batch-to-batch  variation  in  base 
stock  and/or  base  stock-additive  combinations  in  long-term 
performance,  it  is  not  believed  that  such  effects  can  be 
observed  in  short-term  tests  such  as  those  performed  in  Task 

II.  Therefore,  this  variable  was  not  included  in  these  short- 
term tests,  so  that  more  emphasis  could  be  placed  on  the 

variables  in  the  above  list.  ' 
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Kxpoi  imon t.i  1 Results 


As  mentioned  ptcv.iously  in  this  report,  a computer 
program  was  developed  luring  an  earlier  study  (8)  for  calcu- 
lating the  IdlU  film  thicknesses  in  the  various  ball-race 
conjunctions  in  an  angular  contact  bearing.  The  EHD  film 
thicknesses  are  calculated  from  the  bearing  axial  displace- 
ment, Al.y,  measured  by  the  LVDT  system  discussed  earlier. 

This  same  computer  program,  which  was  described  in  detail  in 
Reference  8,  was  also  used  to  calculate  the  EHD  film  thickness 
for  the  DM\  bearings  tested  in  Task  II.  To  correlate  the 
experimentally-determined  EHD  film  thickness  data,  dimension- 
less mater ial-veloci ty- load  parameters  are  used;  these 
parameters  are  described  below. 


The  best  available  e.xpression  for  the  central-region 
EHD  film  thickness  in  a flooded  isothermal  rectangular  con- 
junction is  due  to  Crubin(3)  and  is  given  by 


Ho  - 1.18  'o 


(1) 


where  Ho 


R 


(2) 


7.Q  = drubin's  dimensionless  material-velocity-load 

parameter  for  rectangular  conjunctions 


p,0. 71^^0.71 
W0.0  9 


with  the  symbols  defined  after  the  minimum  EHD  film  thickness 
equation  given  below. 


While  the  cent  ra  1 - I'eg  ion  EHD  film  thickness  is  important 
to  the  present  study,  the  minimum  EHD  film  thickness  is  also 
extremely  important.  As  is  now  well  known,  the  oil  film 
thickness  [profile  in  a rectancfular  conjunction  is  very  nearly 
flat  throughout,  motiifieti  principally  by  a constriction  in  the 
exit  region.  This  constriction,  which  is  straight  across  the 
flow  path  for  a rectangular  i-oti  j unct  ion , atul  almost  straight 
for  a hiejh  aspect  intio  elliptic  conjunction,  results  in  a 
minimum  oil  film  thickiu'ss  within  t lu'  conjunction,  so  that  if 
surface-to-s\ir f ace  contact  is  to  occur,  it  is  apt  to  occur 
here  first.  Thus,  the  imi'ortance  of  predict  iiuj  the  minimum 
EHD  film  thickness  in  a bearing  is  evident. 


Based  upon  theoretical  analyses  and  considerable  experi- 
mental data,  Dowson(2)  recently  proposed  the  following  equation 
for  computing  the  minimum  oil  film  thickness  in  a flooded  iso- 
thermal rectangular  conjunction: 


Hm  - 1 . 6 3 E 


(3] 


where  H 


m 


“m 

R 


(4) 


Eq  = Dowson's  dimensionless  material-velocity-load 
parameter  for  rectangular  conjunctions 

gO  . 54ut0 • 70 

jyO  .13 

The  various  symbols  employed  in  the  above  equations,  and 
throughout  this  report,  are 


‘m 


"m 

R 

Rl 

Ro 


* 

E 


= dimensionless  central -region  film  thickness, 
defined  by  Eq.  (2) 

= dimensionless  minimum  film  thickness,  defined 
by  Eq.  (4) 

= central-region  lubricant  film  thickness 
= minimum  lubricant  film  taic  ness 
= equivalent  radius  of  curvature  = (l/R^  + 1/R2)“^ 
= radius  of  curvature  of  body  1 
= radius  of  curvature  of  body  2 

* 

= dimensionless  materials  parameter  = ^qE 

= pressure-viscosity  coefficient  of  lubricant  at 
conjunction  inlet  temperature  and  near- 
atmospheric  pressure 

= equivalent  elastic  modulus 


= 2 


1 - vi"  ^ 1 - 
El  E; 


V2 


-1 


15 
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1 


^1 

= Poisson' 

's  ratio 

of 

body 

1 

v'2 

= Poisson' 

's  ratio 

of 

body 

2 

El 

= elastic 

modulus 

of 

body 

1 

E2 

= elastic 

modulus 

of 

body 

2 

Et 

= dimensionless  sum 

veloci 

ty 

Vt 

Vl 

V2 

w 

w 


MoVt 

* 

ER 

absolute  viscosity  of  lubricant  at  conjunction 
inlet  temperature  and  near-atmospheric  pressure 

sum  velocity  = + V2 

surface  velocity  of  body  1 

surface  velocity  of  body  2 

w 


= dimensionless  load  = 


= load  per  unit  width 


ER 


Equation  (3)  is  believed  to  be  the  best  expression  available 
for  calculating  the  minimum  film  thickness  for  the  rectangular  or 
high  aspect  ratio  elliptic  conjunction  with  flooded,  isothermal 
flow. 

When  the  film  thickness  equations  for  rectangular  conjunc- 
tions are  used  to  calculate  the  film  thickness  in  elliptic  con- 
junctions, an  equivalent  load  per  unit  width is  used.  For 
a bearing  with  elliptic  conjunctions,  as  in  this  study,  the  di- 
mensionless load  per  ball  is  given  by 


W, 

where  w^ 
P 
a 


We 

* 

ER 


(5) 


3P 

equivalent  unit  load  per  ball  = 4^ 
normal  load  per  ball 

semiwidth  of  major  axis  of  contact  ellipse  at 
ball-raceway  contact 


and  E and  R are  as  previously  defined.  Therefore,  the  We  in 
Eq.  (5)  replaces  W in  both  Eqs.  (1)  and  (3)  for  angular  contact 
bearings . 
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The  above  equations  were  presented  and  discussed  in 
References  7 and  8 but  were  repeated  here  because  they  were 
employed  in  analyzing  much  of  the  Task  II  data.  As  will  be 
seen,  all  of  the  Task  II  data  presented  in  the  following 
graphs  with  the  exception  of  Test  Series  IV  (model  studies 
of  KHD  contacts  under  fully  flooded  and  starved  conditions) 
are  compared  with  these  equations.  Also,  as  discussed  on 
page  32,  paragraph  3 of  Reference  8,  Eqs.  (1)  and  (3)  were 
used  to  calculate  He  and  Hm  the  base  speed.  These  calcu- 
lated values  were  then  added  to  the  film  thicknesses  de- 
termined from  ALy  to  obtain  H and  H'  plotted  in  the  graphs. 

For  all  the  film  thickness  measurements  in  vacuum  presented 
in  this  report  the  base  speed  of  the  bearings  was  held  con- 
stant at  25  rpm. 

Since  the  four  different  conjunction  films  for  each  tost 
condition  were  calculated  from  a single  displacement  measure- 
ment, ALy,  they  all  followed  similar  patterns,  although,  the 
magnitudes  of  each  would  vary  a few  percent.  The  variance 
between  inner  and  outer  race  film  thickness  are  the  result 
of  a geometrical  difference  in  the  ball-race  contacts , whereas 
the  difference  between  aft-  and  forward-bearing  contact  film 
thickness  values  are  a result  of  temperature  differences 
between  the  two  bearings. 

Figure  4 shows  typical  film  thickness  values,  calculated 
from  the  race  displacement  measurements,  for  the  inner  and 
outer  contacts  of  the  forward  and  aft  bearings.  The  data  were 
obtained  prior  to  pumpdown  for  bearings  treated  with  BBRC  36233. 
The  dimensionless  film  thicknesses  H and  H'  are  plotted  against 
the  dimensionless  parameters  Xp  and  )'g  respectively,  which  were 
defined  and  discussed  earlier  in  this  section  of  the  report. 

As  can  be  seen  in  the  figure,  the  film  thicknesses  at  all  four 
locations  display  the  same  trends.  Although  there  are  slight 
load  effects  shown  by  the  data  at  the  larger  dimensionless 
parameter  values,  a single  straight  line  drawn  through  the 
experimental  data  for  either  11  or  H'  would  represent  all  the 
data  very  well.  These  data  were  presented  previously  in 
Reference  8 and  are  repeated  hero  for  demonstration  and  com- 
parison purposes. 

Since  as  indicated  in  Fiejure  4 tlie  experimental  film 
thickness  data  for  the  four  different  conjunction  locations 
behave  similarly,  the  data  for  all  will  not  be  presented.  Tlie 
aft  bearing  outer  race  contact  data  were  arbitrarily  selected 
for  further  analysis  and  comparison,  and  Task  II,  Test  Series 
I,  II,  and  III  plotted  data  shown  in  the  following  graphs  will 
be  values  for  those  contacts.  For  purposes  of  generality,  all 
of  the  film  thickness  data  are  presented  in  dimensionless  form. 
However,  the  dimensional  value  of  film  thickness  may  be  obtained 
by  multiplying  the  dimensionless  film  thickness  H or  11'  by  the 
equivalent  radius  at  the  ball-outer  race  contacts,  Ro , whii'li 
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is  8.84352  mm  (0.34817  in.).  The  Test  Series  IV  (model 
studies  of  EHD  contacts  under  fully  flooded  and  starved  con- 
ditions) data  were  obtained  using  the  SwRI  optical  tester 
and  serve  as  support  data  for  the  other  Tas);  II  test  series. 
Since  the  data  reduction  and  presentation  were  handled  some- 
what differently  for  Test  Series  IV,  this  will  be  discussed 
in  more  detail  later  in  its  respective  section  of  the  report. 
Similarly  each  test  series  of  Task  II  along  with  plotted  data 
representing  that  test  series  will  be  discussed  separately 
in  the  following  paragraphs.  Highlights  of  these  data  will 
be  pointed  out  and  conclusions  will  be  drawn  later  based  on 
these  test  results. 


Test  Series  I — Effectiveness  of  Oil  Feed  from  Retainers. 
In  this  test  series  the  effectiveness  of  oil  feed  from  three 
retainer  materials  into  EHD  conjunctions  of  bearings  was 
studied.  The  test  conditions  for  the  series  were  as  follows: 


Bearings  ; 

Bearing  treatment; 
Retainer  material; 


Retainer  treatment 
Test  oil: 

Pressure : 

Temperature : 

Load : 

Speed : 


MRC  standard  design  with 
various  retainer  materials 

Dry 

Synthane-Taylor  Grade  LBB 
porous  laminated  phenolic, 
Meldin  9000  porous  polyimide, 
Nylasint  64HV-2  porous  nylon 

Fully  impregnated  with  test  oil 

BBRC  36233 

Equilibrium  vapor  pressure  of 
test  oil 

25C  (77F) 

890N  (200  lb) 

50,  100,  150,  200  rpm 


For  these  tests  the  balls  and  races  of  the  bearings  were 
initially  clean  and  dry.  Each  test  employed  a set  of  two 
bearings,  and  with  each  test  a different  retainer  material  was 
used.  All  of  the  bearing  retainers  were  treated  by  Ball 
Brothers  Research  Corporation  (BBRC)  and  were  fully  impregnated 
with  the  maximum  amount  of  BBRC  36233  oil.  BBRC  also  fabri- 
cated the  porous  polyimide  and  porous  nylon  retainers.  The 
phenolic  retainers  were  those  originally  supplied  with  the  test 
bearings  as  received  from  MRC.  The  phenolic  material  represents 
a standard  contemporary  retainer  material,  while  the  polyimide 
and  nylon  retainers  represent  more  advanced  materials.  BBRC 


19 


data  show  that  typically  the  phenolic  held  7 percent  by  weight 
of  the  test  oil,  while  the  nylon  and  polyimide  held  25  and  27 
percent  by  weight  of  the  test  oil,  respectively.  Due  to  the 
short-duration  nature  of  these  tests,  no  reservoirs  were 
installed  in  the  bearing  test  charber.  Initially  it  was 
planned  to  include  two  load  levels  of  222  and  890N  (50  and 
200  lb)  in  these  tests,  but  during  the  first  test  it  was 
decided  that  using  only  one  load  was  less  likely  to  interfere 
with  the  oil  transfer  from  the  retainer  to  other  bearing  com- 
ponents. Also,  less  chance  of  contaminating  the  bearings 
was  likely  when  using  only  one  load,  because  the  bearing  test 
chamber  had  to  be  removed  from  the  vacuum  facility  to  change 
the  load.  It  was  thought  that  any  bearing  contamination  or 
disturbing  any  oil  transfer  that  might  be  occurring  during 
these  tests  would  be  of  more  significance  than  in  the  other 
Task  II  tests  where  the  bearing  races  and  balls  were  coated 
with  oil  prior  to  testing.  Since  the  bearings  seemed  to 
perform  better  at  the  higher  load  of  890N  (200  lb) , the 
remaining  tests  in  this  test  series  were  limited  to  this  one 
load  level. 


The  reason  for  using  initially  dry  bearings  in  these 
tests  was  to  observe  the  effect  of  oil  transfer  from  the 
retainers  to  the  bearing  balls  and  races.  Since  the  balls 
and  races  initially  contained  no  oil,  any  film  that  developed 
would  be  the  result  solely  from  feed  of  oil  from  the  retainers 
to  the  bearina  components.  In  each  test,  the  bearings  were 
first  run  slowly  at  approximately  35  rpm  and  the  ALy  measure- 
ment monitored  to  observe  the  development  of  any  oil  films 
as  oil  was  transfered  to  balls  and  races.  If  an  equilibrium 
film  thickness  condition  v.’as  obtained,  the  measurements  at 
the  various  desired  speeds  were  made. 

Unfortunately,  neither  the  Grade  LBB  porous  laminated 
phenolic  or  Meldin  9000  porous  polyimide  provided  sufficient 
oil  feed  (transfer)  even  after  24  hours  of  operation  to 
generate  a measurable  film.  On  the  other  hand,  immediately 
after  starting  the  test  using  the  Nylasint  64UV-2  porous 
nylon  retainers,  a measurable  ALy  was  obtained,  but  after 
several  hours  of  operation  a bearing  "lockup"  resulted  while 
attempting  to  perform  ALy  measurements.  The  rig  was  dis- 
assembled, but  no  apparent  cause  of  the  "lockup"  was  found. 
Therefore,  the  rig  was  reassembled  and  the  test  again  started 
and  completed  with  no  further  problems.  Comparisons  of  these 
data  obtained  for  the  bearings  having  Nylasint  64HV-2  porous 
nylon  retainers  with  Dowson ' s Eq.  (3)  and  Grubin's  Eq.  (1) 
are  shown  in  Figure  5.  It  is  apparent  especially  at  higher 
values  of  Dowson 's  and  Grubin's  parameters,  that  there  was 
not  a sufficient  amount  of  lubricant  to  provide  either 
central-region  or  minimum  film  thicknesses  near  those  pre- 
dicted by  the  equations.  On  the  other  hand,  even  though 
flooded  conjunctions  apparently  were  not  obtained,  operation 
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of  the  bearings  appeared  to  be  satisfactory.  This  leads  to 
the  conclusion  that  other  more  advanced  materials  might 
provide  even  superior  results.  Of  course  it  should  be  kept 
in  mind  that  this  was  a short-duration  test  and  does  not 
predict  what  might  happen  under  extended  testing. 

Post-test  inspection  of  the  bearings  employed  in  this 
test  series  showed  both  the  bearings  having  porous  phenolic 
and  porous  polyimide  retainers  were  very  dry  indicating 
essentially  no  oil  transfer  from  the  retainers  to  the  bearing 
balls  and  races.  These  bearings  did  show  black  wear  debris 
on  the  balls  and  in  the  wear  tracks  of  the  inner  and  outer 
rings.  There  were  also  shiny  wear  spots  in  the  ball  pockets 
of  the  retainers.  The  bearings  having  Nylasint  64HV-2 
porous  nylon  retainers  exhibited  a very  thin  coat  of  oil  on 
the  balls  and  in  the  ball  tracks  of  the  inner  and  outer  rings 
after  testing,  indicating  some  transfer  of  oil  from  the  im- 
pregnated retainers.  Also,  these  bearings  did  not  exhibit 
as  much  wear  debris  as  those  having  phenolic  and  polyimide 
retainers . 

Test  Series  II  — Effect  of  Retainer/Bearing  Processing 
Variables . The  purpose  of  this  test  series  was  to  investi- 
gate the  effects  of  retainer/bearing  processing  variations 
on  the  ability  of  bearings  to  form  an  oil  film  of  adequate 
thickness.  The  test  conditions  for  this  series  were  as 
follows : 


Bearings : 


MRC  standard 


Bearing/retainer  treat-  2 very  thin  initial  oil  film 

ment:  thicknesses 


Test  oil: 


BBRC  36233 


Pressure : 


Equilibrium  vapor  pressure 
of  test  oil 


Temperature : 


25C  (77F) 


Load : 


222,  890N  (50,  200  lb) 


Speed:  50,  100,  150,  200  rpm 

In  this  test  series,  MRC  standard  bearings  with  standard 
phenolic  retainers  and  two  conditions  of  bearing/retainer 
treatment  were  employed.  Both  of  these  treatments  involved 
the  application  of  less  lubricant  than  is  typically  used  in 
an  attempt  to  produce  a significantly  starved  situation.  As 
has  been  discussed  earlier  in  the  work  done  during  the 
previous  years  reported  in  References  7 and  8,  it  was  found 
that  for  bearing/retainer  treatments  resulting  in  oil  coatings 
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on  the  bearing  components  of  about  0.1  pm  (4  pin.)  or  greater, 
no  difference  in  the  resulting  EHD  film  thicknesses  which 
developed  in  the  bearings  could  be  detected.  Consequently, 
in  order  to  provide  an  oil-starved  condition,  the  bearing/ 
retainer  treatments  must  apparently  be  such  that  an  oil 
coating  on  the  bearing  components  of  less  than  0.1  pm  is 
achieved. 

Thus,  in  this  test  series,  two  different  bearing/retainer 
treatments  were  selected  which  would  result  in  an  initial  oil 
film  thickness  coating  on  the  bearing  components  of  less  than 
0.1  pm  (4  pin.).  The  target  values  of  these  initial  oil 
coating  thicknesses  were  0.05  pm  (2  pin.)  and  0.025  pm  (1  pin.). 
It  must  be  realized  that  accuracy  in  the  treatment  technique 
for  obtaining  such  thin  coatings  is  limited,  and  probably  the 
target  values  were  not  precisely  achieved.  BBRC  did  use 
rinse-back  solutions  on  these  bearings  that  were  estimated  to 
achieve  the  desired  initial  oil  film  thicknesses.  Even  though 
the  target  values  may  not  have  been  precisely  met,  the  result- 
ing coatings  should  have  values  that  were  approximately 
correct  and  both  appeared  to  be  less  than  the  previously 
tested  0.1  pm  (4  pin.)  which  was  referred  to  as  a "thin  film" 
in  Reference  8.  Again  no  oil  reservoirs  were  installed  in 
the  bearing  test  chamber  for  these  short-term  tests. 

Unfortunately,  the  bearings  having  a target  value  of 
0.05  pm  (2  pin.)  for  the  initial  oil  coating  presented  opera- 
tional problems  during  testing.  Therefore,  after  several 
unsuccessful  attempts  to  test  these  bearings  they  were  removed 
from  the  Test  II  Series  schedule.  The  problem  in  testing 
these  bearings  was  found  to  be  similar  in  nature  to  the  wedging 
between  the  retainers  and  outer  rings  encountered  previously 
and  discussed  in  detail  in  Reference  8.  Since  these  bearings 
were  employed  previously  in  the  test  program,  a review  of  the 
previous  testing  procedure  revealed  that  the  same  two  bearings 
had  presented  problems  even  when  lubricated  with  a thick 
coating  of  BBRC  36233.  Fortunately  in  the  previous  program 
it  was  possible  to  disassemble  and  reassemble  the  bearings 
and  get  them  to  operate,  but  after  repeating  this  procedure 
it  was  not  possible  to  get  the  bearings  to  operate  with  the 
very  thin  film  of  oil  used  in  this  test  series.  In  any  case, 
the  bearings  having  a very  thin  oil  coating  of  0.025  pm 
(1  pin.)  did  perform  satisfactori ly  and  the  film  thickness 
results  are  shown  in  Figure  6.  As  normally  employed,  the  test 
procedure  for  these  tests  was  to  run  all  the  22N  (50  lb)  load 
conditions,  then  repeat  the  procedure  for  the  high  load  con- 
dition of  890N  (200  lb).  As  is  scon  in  Figure  6,  at  initiation 
of  the  test  at  the  light  load  the  measured  film  thicknesses 
for  the  bearings  were  very  close  in  agreement  with  both 
Dowson's  Eq.  (3)  and  Grubin's  Eq.  (1).  But,  after  running  for 
five  hours  the  dimensionless  film  thicknesses  II  and  I!'  had 
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both  leveled  oi.t  at  30  x 10“*^  to  slightly  over  40  x 10“^  for 
the  covered  range  of  dimensionless  parameter  values.  For 
the  high  load  tost  which  followed,  the  dimensionless  film 
thickness  values  decreased  somewhat  to  values  of  20  x 10“6 
to  slightly  over  35  x 10~6.  Although  this  change  in  values 
may  be  a result  of  load  effects  which  are  not  completely 
correlated  by  Dowson ' s and  Grubin's  parameters,  it  can  be 
seen  that  after  the  initial  low-load  data  were  obtained,  a 
limited  starvation  condition  similar  to  that  seen  for  the 
bearings  having  Nylasint  64HV-2  retainers  (Fig.  5)  was 
exhibited.  Again  there  did  not  appear  to  be  sufficient 
lubricant  to  provide  flooded  lubrication  of  the  ball-race 
conjunctions,  but  examination  of  the  test  data  showed  there 
to  be  adequate  film  thickness  to  place  operation  in  the  EHD 
regime.  Since  the  data  shown  in  Figure  6 are  for  the  very 
thin  oil  coat  of  0.025  pm  (1  pin.)  in  this  test  series,  it 
seems  logical  that  the  somewhat  thicker  coat  of  0.05  pm 
(2  pin.)  would  give  results  more  nearly  in  agreement  with 
Dowson 's  Eg.  (3)  and  Grubin's  Eq.  (1)  which  should  compare 
closely  with  data  presented  for  bearings  having  a thin  coat 
of  BBRC  36233  of  approximately  0.1  pm  (4  pin.)  in  Reference 
8. 


Test _Serie^  III  — Effect  of  Frequency  and  Extremes 
of  Temperature  Variation . The  purpose  of  this  test  series 
was  to  determine  the  effects  of  the  frequency  and  extremes 
of  temperature  variation  on  the  formation  and  maintenance 
of  elas tohydrodynamic  films  in  DMA  bearings  operating  in 


vacuum.  The  tost  conditions 

Bearings : 

Boar i ng/reta i nor 
treatment : 

Test  oils: 

Pressure : 

Temperature : 

Load  : 

Speed : 

As  seen  in  the  above  list 
emfiloyed  in  this  tost  series  w 


r this  series  were  as  follows: 
MRC  standard 


Thick  initial  oil  film 

Apiezon  A + 1.5%  antioxidant 
+ 5%  lead  naphthenate,  and 
BBRC  36233 

Equilibrium  vapor  pressure 
of  tost  oil 

Cycled  with  varied  frequency 
and  varied  extremes  between 
24  and  66C  (75  and  150F) 

890N  (200  lb) 

100,  200  rpm 

of  conditions,  the  bearings 
re  MRC  standard  bearings  with 
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phenolic  retainers.  In  order  to  be  able  to  compare  with 
previous  results  (8)  using  these  same  bearings  and  oils,  the 
bearing/retainer  treatment  resulted  in  a thick  initial  oil 
film  coating  (between  3 and  4 (jm)  . Also,  as  seen  in  the 
above  list  it  was  scheduled  to  use  two  test  oils.  The 
bearings  lubricated  with  low-viscosity  Apiezon  A plus  addi- 
tives oil  could  not  initially  be  made  to  operate  because 
of  the  wedging  problem  discussed  earlier  in  this  report. 

The  bearings  were  finally  made  operational  after  several 
disassemblies,  swapping  of  retainers  between  the  two  bear- 
ings and  reversing  the  installation  of  the  retainers.  The 
measured  ALy  for  this  test,  after  operation  of  the  bearings 
was  achieved,  was  zero,  giving  no  film  thickness  at  any  of 
the  ball-race  conjunctions.  On  the  other  hand,  the  bearings 
lubricated  with  BBRC  36233  operated  very  well  with  no 
wedging  problem,  and  the  data  will  be  presented  shortly. 

As  has  been  previously  discussed,  for  moderate  changes 
in  bearing  temperature,  the  effects  of  temperature  variation 
on  the  EHD  film  thickness  behavior  are  well  correlated  by 
dimensionless  parameters  which  include  the  effects  of  tem- 
perature through  viscosity  changes.  However,  the  question 
arises  as  to  whether  or  not  such  parameters  can  account  for 
the  effects  of  wider  ranges  of  temperature  variation  and  the 
temperature  cycling  such  as  occurs  in  actual  space  hardware. 

For  example,  changes  in  temperature  distribution  among 
internal  components  of  DMA  systems  due  to  environmental 
temperature  changes  may  alter  the  molecular  migration  or  other 
lubricant  transfer  mechanisms  within  the  system  thus  affecting 
the  residual  oil  film  thicknesses  on  the  bearing  components. 

This  in  turn  may  affect  the  EHD  film  thicknesses  which 
develop  in  the  bearings.  One  question  to  be  answered  in  this 
test  series  is  whether  or  not  the  EHD  film  thickness  in  a 
bearing  will  completely  recover  from  the  effects  of  a tem- 
perature cycle.  That  is,  will  the  EHD  film  thickness  return 
to  the  same  value  as  before  the  temperature  excursions  occurred. 

Because  the  tests  in  this  series  might  involve  the  effect 
of  lubricant  transfer  between  bearings  and  other  components 
of  the  test  chamber,  lubricant  reservoirs  were  installed  in 
the  test  chamber  for  this  test  series. 

The  temperature  cycles  in  these  experiments  were  pro- 
duced by  installing  two  band  heaters  (900  watts  each)  around 
the  outside  of  the  test  chamber  at  the  bearing  locations  and 
controlling  the  power  to  the  heaters  with  a variable  auto- 
transformer. The  technique  was  found  to  be  superior  to  using 
infrared  heat  lamps. 

Figure  7 shows  the  dimensionless  film  thicknesses,  H and 
H',  plotted  versus  Dowson ' s and  Grubin's  parameters  respec- 
tively for  the  standard  bearings  lubricated  with  BBRC  36233. 
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As  illustrated  in  the  figure,  both  the  central-region  and 
minimum  film  thicknesses  agree  very  well  with  Grubin's  and 
Dowson ' s equations.  The  minimum  film  appears  to  be  somewhat 
underpredicted  by  Dowson 's  Eq.  (3)  especially  at  the  higher 
values.  On  the  other  hand,  the  agreement  of  these  data  with 
the  equations  is  considerably  better  than  shown  by  the  same 
lubricant  and  bearing  design  in  earlier  work  which  is  pre- 
sented in  Figure  lb  of  Reference  8.  These  data  do  show 
operation  in  the  flooded  conjunction  regime  with  film  thick- 
nesses adequate  for  full  EHD  lubrication  throughout  the 
range  of  testing  variables.  Also,  the  changes  in  temperature 
and  variation  in  frequency  of  these  changes  did  not  appear 
to  significantly  alter  the  EHD  film  thicknesses  developed  in 
the  bearings.  The  film  thicknesses  in  the  bearings  appeared 
to  completely  recover  from  the  effects  of  several  temperature 
cycles  and  return  to  essentially  the  same  values  as  before 
the  temperature  excursions  occurred.  Both  cold  and  hot  data 
t'oints  were  obtained  at  27  hours  of  operation  as  are  shown 
in  Figure  7.  To  accomplish  this,  operation  of  the  hot  bear- 
ings was  stopped  at  27  hours  and  they  were  allowed  to  cool 
for  69  hours  before  being  put  back  into  operation.  Therefore, 
the  hot  data  were  obtained  just  prior  to  stopping  operation 
and  the  cold  data  were  obtained  just  after  restarting  the 
bear i ngs . 

Te St  Ser i^  IV  — Model  Studies  of  EHD  Contacts  under 
Fully  Flooded  and  Starved  Conditions . The  purpose  of  this 
test  series  was  to  define  more  completely  the  factors  which 
determine  whether  the  EHD  contacts  in  a bearing  operates  in 
a flooded  or  starved  condition.  This  work  was  performed 
using  the  SwRI  optical  EHD  tester, (9)  and  the  results  support 
the  work  performed  with  the  actual  bearings  in  the  other  test 
series  of  this  task.  As  will  be  seen  from  the  discussion 
below,  the  optical  EHD  tester  is  ideally  suited  for  basic 
studies  of  this  type,  because  the  EHD  film  thicknesses  can 
be  visualized  optically  for  the  various  test  conditions. 

For  one  part  of  this  test  series,  the  glass  disks  of  the 
SwRI  optical  EHD  tester  wore  coated  with  different  initial 
oil  film  thicknesses  on  one  side  only.  The  coat  of  oil  was 
applied  at  SwRI  and  no  "rinse  back"  of  the  disks  was  employed. 
The  thickness  of  the  oil  film  was  determined  by  weighing  the 
disk  before  and  after  coating,  and  assuming  equal  distribu- 
tion of  the  oil  on  the  surface.  The  film  thickness  was  then 
calculated  from  the  before  and  after  weigts  using  the  surface 
area.  For  each  initial  oil  film  thickness,  the  EHD  films 
that  developed  between  the  rotatinti  disks  and  a 2.54-cm 
(1-in.)  diameter  ball  in  pure  rolling  were  optically  measured. 
These  tests  were  all  performed  under  normal  laboratory  tem- 
peratures at  two  different  loads  of  17.70N  (1.98  lb)  and 
59.78N  (13.44  lb)  which  give  maximum  Hertz  stresses  of 
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41,370  N/cm2  (60,000  lb/in.2)  and  62,055  N/cm2  (90,000 
lb/in.2),  respectively.  The  oil  temperature  at  the  conjunc- 
tion inlet  was  measured  and  accounted  for  in  the  EHD  calcu- 
lations. The  range  of  initial  oil  film  thicknesses  employed 
was  such  that  operation  extended  from  the  severely  starved 
to  the  fully  flooded  regimes.  These  experiments  were  limited 
to  one  test  oil,  BBRC  36233. 

For  presentation  of  data  obtained  from  these  experi- 
ments the  central-region  and  minimum  film  thickness  equa- 
tions discussed  in  Reference  8 were  employed.  These 
equations  for  ball-on-disk  experiments  are  repeated  below 
for  the  convenience  of  the  reader  and  are  as  follows: 


For  the  central-region  film  thickness: 


= 1.05  Ec 


(6) 


where 


dimensionless  central-region  film 
thickness 


(GUt) 

(^/^ ' ) 0 . 0 7 4 


dimensionless  material-velocity- 
load  parameter  for  central-region 
film  thickness  correlation  for 
circular  conjunctions 


For  the  minimum  film  thickness: 


Hm  0 . 7 5 


(7) 


where 


— = dimensionless  minimum  film  thickness 

R 


q0.70  y^O.77 

= = dimensionless  material-velocity 

(W')0.14  load  parameter  for  minimum  film 

thickness  correlation  for  circu 
lar  conjunctions 

P 

W = dimensionless  load  = . — 

ER2 

P = load 

and  all  other  symbols  are  defined  after  Eq.  (4).  The  appro- 
priate parameters  from  these  Eqs.  (6)  and  (7)  were  employed 
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for  correlation  purposes  and  are  presented  in  the  figures 
that  follow. 

Figures  8 and  9 show  similar  relationships  between  the 
central-region  and  minimum  film  thicknesses  for  the  three 
different  levels  of  initial  oil  film  thickness  (oil  coating) 
on  the  disks.  As  can  be  seen  when  comparing  the  two  figures, 
the  relative  position  of  the  drip-feed  curve  (dashed-line)  is 
somewhat  different.  Althougii  it  is  located  between  the  40.26 
;.m  (1  585  pin.)  and  17.78  ,.m  (700  pin.)  curves  for  central- 
region  film  thicknesses  and  between  the  17.78  pm  (700  pin.) 
and  11.02  pm  (434  pin.)  curves  for  the  minimum  film  thick- 
nesses, what  seems  to  be  of  more  significance  is  the  fact 
that  the  drip-feed  lubrication,  which  was  thought  to  supply 
maximum  flooded  conjunctions,  does  not  appear  to  produce 
conjunction  separation  between  the  ball  and  disks  as  great 
as  the  thicker  initially  applied  oil  films.  Also  shown  by 
these  data  is  the  severe  starvation  of  the  ball-disk  conjunc- 
tions especially  at  the  higher  Iq  and  values  for  the 
ti  inner  initial  oil  film  coating  of  11.02  pm  (434  pin.). 

The  minimum  film  thicknesses  displayed  very  severe  starvation 
at  ini  values  greater  than  45  x 10“6.  Tests  performed  at  four 
initial  oil  film  coatings  thinner  than  the  11.02  am  (434  pin.) 
thickness  test  showed  extremely  severe  starvation  of  the  con- 
junctions and  meaningful  data  could  not  be  obtained.  There- 
fore, the  11.02  pm  (434  pin.)  data  were  for  the  thinnest  oil 
coating  that  could  be  interpreted.  Also  of  interest  is  that 
according  to  information  furnished  by  BBRC  for  bearings  having 
what  they  considered  to  be  a "thick  film"  of  BBRC  36233,  the 
lubricant  would  have  a film  thickness  coating  of  3 to  4 pm 
(118  to  157  iiin.  ) . As  discussed  above,  ball-disk  experiments 
having  initial  oil  film  coatings  of  this  thickness  exhibited 
severely  starved  contacts,  whereas  the  bearings  treated  by 
BBRC  did  not  show  near  this  degree  of  starvation  (Fig.  4). 

In  fact,  bearings  treated  with  the  BBRC  "thin  film"  and 
having  what  BBRC  considered  to  have  a film  thickness  coating 
of  approximately  0.1  pm  (4  pin.)  did  not  give  measured  con- 
junction film  thickness  data  signif icr atly  different  than 
those  for  the  "thick  film"  bearings. 

This  rather  wide  discrepancy  between  the  EHD  film  thick- 
ness results  obtained  with  the  bearings  versus  those  obtained 
in  the  ball-disk  e.xperiments  could  bo  at  least  partially 
explained  if  the  residual  oil  film  thickness  on  the  bearing 
components  was  actually  thicker  than  the  values  provided  by 
BBRC.  It  should  be  emphasized  that  the  residual  oil  film 
thickni'ss  on  the  be.aring  components  is  an  estimate  made  by 
BBRC,  and  is  based  on  experiments  conducted  by  them.  Since 
it  is  impractical  to  determine  the  residual  oil  film  thick- 
ness on  the  bearings  by  weighing  each  bearing  before  and 
after  treatment,  BBRC  estimates  the  residual  oil  film  thickness 
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Fiqurp  8.  Dimensionless  Centra  1 -Region  Oil  Film  Thickness 
in  Ball-Disk  Conjunctions  for  HBRC  36233 
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from  data  determined  in  experiments  with  metal  samples. 

These  metal  samples  were  subjected  to  the  various  oil  treat- 
ment processes,  and  the  residual  oil  film  thicknesses  were 
determined  by  weighing  the  metal  samples  before  and  after  oil 
treatment,  as  was  done  with  the  glass  disks  in  the  present 
work.  It  is  then  assumed  that  for  a given  oil  treatment,  the 
bearing  components  will  exhibit  the  same  residual  oil  film 
thickness  as  the  metal  sample.  It  is  therefore  possible 
that  the  residual  oil  film  thickness  on  the  bearing  components 
will  be  different,  and  indeed  thicker,  than  those  on  the 
metal  samples.  This  is  because  oil  can  be  retained  in  the 
bearings  by  surface  tension  effects  at  the  interfaces  between 
the  balls,  races,  and  retainers,  which  does  not  occur  with 
the  metal  samples. 

Another  possible  explanation  for  the  discrepancy  in- 
volves considerations  of  the  wettability  of  the  oil  on  the 
glass  disks.  It  is  likely  that  the  wetting  of  the  cerium- 
oxide-coated  glass  disks  by  the  oil  is  poorer  than  occurs 
on  the  metallic  bearing  components.  If  this  is  the  case, 
then  to  generate  a given  EHD  film  thickness  in  the  ball-disk 
conjunction  would  probably  require  the  application  of  a 
thicker  oil  film  coating  to  override  the  influence  of  the 
poorer  wettability.  It  should  also  be  mentioned  that  the 
ball  in  the  ball-disk  experiments  was  not  coated  with  oil, 
and  this  may  have  had  some  influence  on  the  results. 

Finally,  it  should  not  be  overlooked  that  centrifugal  forces 
set  up  by  the  rotating  disk  tend  to  cause  an  outward  flow  of 
the  oil  on  the  disk  surface  which  could  tend  to  thin  the  oil 
coating  on  the  disk,  although  this  was  not  observed  in  the 
tests. 

In  another  phase  of  this  test  series,  the  effects  of 
retainer  feed  on  starvation  was  studied.  Retainer  models 
were  fabricated  of  Grade  LBB  laminated  phenolic,  Meldin  9000 
porous  polyimide,  and  Nylasint  64H\’-2  porous  nylon  according 
to  the  design  shown  in  Figure  10.  These  models  were  treated 
by  BBRC  with  BBRC  36233  oil  and  should  have  been  loft  in  a 
saturated  condition.  BBRC  data  show  that  the  phenolic, 
polyimide,  and  nylon  models  held  13,  25,  and  23  percent  of 
oil  by  weight  respectively.  With  each  model  and  a 1 . 5875-cm 
(0.625-in.)  diameter  ball  installed  in  the  tester  as  shown 
in  Figure  11,  the  FHD  contact  was  ol^served  optically  to 
determine  oil  feed  characteristics  of  the  various  materials, 
and  the  resulting  EIID  film  th  i cknessc's . The'  retainer  modi'l 
was  loaded  against  the  ball  with  a mechanical  force  gaue 
(Hunter  Spring  Model  No.  L-5M)  as  siiown  in  Fiejure  11,  and  for 
these  experiments  the  two  lo.ids  enifdoye'd  were  1.  IIN  (0.25  lb) 
and  2.22N  (0.50  lb).  The  lo.id  between  the  ball  and  glass  disks 
was  17.  VON  (3.98  lb)  givincj  a maximum  Hertz  st  rc>ss  of  56,5  39 
N/cm2  (82,000  lb/in.2).  This  was  the  same  load  used  in 
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previous  optical  rig  tests  (8)  which  gave  a Hertz  stress  of 
41,370  N/cm2  (60,000  lb/in.2)  using  a 2.54-cm  (1-in.)  diameter 
ball.  For  these  experiments  a smaller  1.5875-cm  (0.625-in.) 
diameter  ball  was  employed  giving  the  higher  Hertz  stress. 

All  of  these  e.xperiments  were  performed  in  pure  rolling  and 
the  sum  velocity  was  held  at  one  speed  of  63.5  cm/sec  (25  in./ 
sec)  which  was  approximately  the  same  as  the  sum  velocity 
of  a test  bearing  operating  at  100  rpm. 

For  these  experiments,  the  phenolic  retainer  model  was 
first  run  for  15  minutes  with  a contact  load  of  l.llN 
(0.25  lb)  against  the  ball,  then  an  additional  20  minutes 
with  a contact  load  of  2.22N  (0.50  lb).  During  this  time  the 
ball-disic  conjunction  was  constantly  viewed  showing  no  oil 
feed  whatsoever.  This  suggests  that  the  phenolic  does  not 
feed  and  agrees  with  the  bearing  data  obtained  in  Test  Series 
I of  this  Task.  An  interesting  observation  after  concluding 
this  experiment  was  that  a drop  of  oil  placed  on  the  exposed 
layered  surface  of  the  phenolic  model  would  soak  into  the 
material,  indicating  that  it  was  not  fully  saturated, 
although  the  data  for  this  model  as  supplied  by  BBRC  gave 
an  oil  content  by  weight  of  13  percent.  It  should  also  be 
noted  that  13  percent  seems  extremely  high,  especially  since 
the  bearing  retainers  were  fabricated  from  the  same  piece  of 
material  and  contained  7 percent  by  weight  of  oil.  Normally, 
a regular  phenolic  material  meeting  MIL-P-15035C  specifica- 
tions will  onl'y  hold  3-5  percent  oil. 

The  porous  polyimide  retainer  model  was  also  run  for 
15  minutes  with  a contact  load  of  l.llN  (0.25  lb)  against 
the  ball  and  an  additional  20  minutes  (35-min.  total)  with 
a contact  load  of  2.22N  (0.50  lb).  During  this  time  there 
was  no  oil  feed  observed  for  this  material.  After  this  35 
minutes  of  operation  the  retainer  model  was  completely  un- 
loaded and  reloaded  to  2.22N  (0.50  lb)  twice.  After  the 
second  loading  a yellow  streak  indicating  some  oil  feed  began 
to  appear.  The  oil  continued  to  slowly  feed,  and  streaks 
in  the  conjunction  oil  film  increased  to  a thickness  value 
of  approximately  0.1  um  (4  (iin.)  after  another  15  minutes  of 
(50-min.  total)  operation.  After  this  the  test  was  continued 
for  another  25  minutes  (75-min.  total),  but  the  feed  appeared 
to  have  stabilized,  and  the  observed  conjunction  remained 
unchanged.  It  appeared  that  the  retainer  model  was  feedinti 
enough  to  give  some  lubrication,  but  the  contact  remained  very 
much  starved. 

The  porous  nylon  retainer  model  began  to  display  oil 
feed  immediately  after  the  test  was  started  using  the  l.llN 
(0.25  lb)  load  between  the  ball  and  tlie  retainer  model.  This 
l(?ad  was  held  constant  for  17  minutes  and  then  increaseil  to 
2.22N  (0.50  lb)  where  the  test  was  continued  for  an  addi- 
tional 26  minutes  (43-min.  total).  During  I li  i s time  the  oil 
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feed  from  the  retainer  model  continued,  and  streaks  in  the 
conjunction  oil  film  increased  to  a thickness  of  approxi- 
mately 0.2  um  {8  yin.).  After  43  minutes  of  total  run  time 
the  conjunction  was  viewed  at  retainer  loads  of  0,  1.11,  and 

2.22N  (0.25,  and  0.50  lb)  and  the  followinq  observations 
were  noted: 

a.  Under  loaded  conditions  it  appeared  that  a center 
strip  of  the  ball-disk  conjunction  was  beinq  wiped  nearly 
clean  and  oil  was  squeezed  from  the  retainer  model . This 
oil  was  carried  into  the  side  areas  of  the  conjunction  where 
a film  was  formed  and  in  fact  side  lobes (9)  were  visible. 

b.  When  the  retainer  model  load  was  increased,  the  thin 
center  strip  became  wider.  On  the  other  hand,  when  the  load 
was  decreased  to  essentially  zero  the  film  was  thin,  but 
fairly  evenly  distributed  throughout  the  contact. 

c.  In  review,  it  appeared  necessary  to  have  a load  to 
force  the  oil  from  the  retainer  model,  but  too  much  load 
between  retainer  model  and  ball  would  tend  to  wipe  the  ball 
track  clean. 

In  conclusion,  for  these  retainer  model  experiments  it 
can  be  said  that  the  phenolic  displayed  no  oil  feed  while  the 
porous  polyimide  had  limited  oil  feed,  and  the  porous  nylon 
demonstrated  the  best  oil  feed  of  these  three  materials.  In 
general  these  results  tend  to  agree  with  the  Test  Series  I 
bearing  results,  except  for  the  bearings  having  polyimide 
retainers,  where  there  seemed  to  bo  no  oil  feed  present. 

In  the  third  and  final  phase  of  this  test  series,  a 
study  of  the  influence  of  design  and  operating  variables, 
namely  ball  spacing,  on  starvation  was  made.  For  this  phase, 
it  was  planned  to  fabricate  a multi-ball  model  from  a single 
material  which  would  accommodate  two  or  more  balls  at  various 
spacings  between  the  balls.  But,  actually  three  multi-ball 
models  were  fabricated  from  three  different  materials 
according  to  the  design  details  shown  in  Figure  12.  Notice 
the  similarity  between  this  design  and  the  boarincj  retainer 
design  shown  in  Figure  2.  The  three  materials  employed 
were  Meldin  9000  porous  polyimide,  Nylasint  641IV-2  porous 
nylon,  and  Nylasint  M-4  low-porosity  nylon,  all  fully  im- 
pregnated with  24  , 25  , and  2 percent  by  weic)ht  of  BBRC  3023  1 
oil,  respectively.  Since  the  two  more  porous  materials, 

Meldin  9000  and  Nylasint  64IIV-2,  were  not  needed  for  t lu’  ball- 
spacing  experiments,  they  were  employed  for  additional  oil- 
feed  studies. 

The  multi-hall  retainers  were  installed  in  the  optical 
rig  as  shown  in  Figure  13  except  the  lour  balls  were  ('qually 
spaced  around  the  retainers.  The  total  weight  of  the  retainer 
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Figure  12.  Design  Features  of  Multi-Ball  Model 


Multi-Ball  Retainer 


eure  13.  MulM-Ball  Model  Setup  for  Oil  Starvation  Studies 


models  and  retainer  holder  was  J.07N  (0.69  lb).  Since  the  j 

tabs  on  the  retainers,  as  seen  in  Figure  12,  have  small  cross-  j 

sectional  areas  and  are  limited  in  strength  they  were  not 

loaded  beyond  this  amount.  Each  ball  pocl^et  had  two  tabs  I 

which  rubbed  against  the  supporting  balls.  Therefore,  the  : 

average  load  transmitted  to  each  of  the  4 balls  by  the  ! 

retainer  tabs  was  0.76N  (0.17  lb).  For  these  experiments, 

the  total  load  between  the  upper  disk  and  4 balls  was 

53.38N  (12  lb), whereas  the  bottom  disk  carried  a slightly 

heavier  load  due  to  the  added  weight  of  the  balls,  retainer, 

and  retainer  holder.  The  Nylasint  64HV-2  and  Meldin  9000  i 

wore  run  separately  under  these  conditions  for  45  and  60 

minutes,  respectively,  viewing  alternately  the  four  different 

ball-disk  contacts  without  any  evidence  of  oil  feed  from 

either  retainer  model.  From  these  observations,  it  is  seen 

that  the  oil  feed  results  from  these  multi-ball  retainer 

models  do  not  agree  with  those  results  obtained  from  the  one- 

ball  models  or  the  Test  Series  I bearing-retainer  studies. 

Since  the  design  of  these  retainers  was  somewhat  different 
than  the  one-ball  models  or  the  standard  bearing  retainer 
design  it  might  be  expected  that  the  oil  feed  results  would 
not  be  the  same  as  already  discussed  for  these  materials. 

On  the  other  hand,  any  oil  feed  from  the  Nylasint  6411V-2 
multi-ball  model  would  have  certainly  supported  the  previously 
discussed  experiments.  Further  experiments  using  the  multi- 
ball retainer  models  were  not  performed  since  they  were  not 
originally  intended  for  oil-feed  studies. 

The  Nylasint  M-4  low-porosity  nylon  retainer  was 
employed  for  the  ball  spacing  experiments.  Four  balls  were 

used  in  this  multi-ball  retainer  with  one  ball  arrangement  i 

as  shown  in  Figure  13.  For  this  arrangement,  the  "movable 
ball"  is  shown  in  the  retainer  pocket  at  ball  position  3 
which  gives  triple  spacing  relative  to  the  fixed  observed 
ball.  The  two  other  "dummy  balls"  also  remained  in  the 
retainer  pockets  as  shown  for  all  testing.  For  double 
spacing  tests  the  movable  ball  shown  in  ball  position  3 was 
moved  to  ball  position  2,  and  likewise  for  single  spacing 
the  movable  ball  was  moved  to  ball  position  1.  For  all 
those  experiments  total  load  between  the  disks  and  balls  was 
53.38N  (12  lb).  During  viewing  the  various  ball-disk  con- 
junctions, it  appeared  that  at  any  given  time  one  ball  was 

not  carrying  any  of  the  load.  In  other  words,  throe  balls  ; 

were  normally  carryincj  all  the  load.  Therefore,  the  maximum 

load  on  any  particular  ball  during  operation  was  assumed  to  ' 

be  17.79N  (4  lb),  wliich  is  1/3  of  the  total  load,  giving  a 
maximum  Hertz  stress  of  56,339  N/cm^  (81,710  lb/in.2).  Lub- 
rication was  provided  by  applyinti  fcjur  drops  of  BBRC  36233 
oil  to  the  top  of  each  ball,  for  a total  of  0.3  cc , prior 
to  installing  the  upper  disk  and  briiujimi  it  in  contact  with 
the  balls.  This  was  done  with  eicjht  balls  (full  complement) 

in  the  multi-ball  retainer,  and  f Ik.'  rig  was  run  for  30  j 

I 
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minutes.  Then  four  of  the  balls  were  removed  from  the 
retainer,  and  all  of  the  experiments  were  performed  without 
further  lubrication.  The  experiments  were  carried  out  in 
pure  rolling  between  balls  and  disks  with  sum  velocities 
of  25.4,  38.1,  and  50.8  cm/sec  (10,  15,  and  20  in. /sec). 


and  at  a laboratory  temperature  of  25  C (77  F) . This  range 


approximates  the  sum  velocity  range  encountered  in  the  test 


bearings . 

Figure  14  shows  a comparison  of  the  experimentally- 
determined  dimensionless  film  thicknesses  Hm  and  He  for 
three  different  ball  spacings  as  compared  to  the  standard 
drip-feed  lubrication  system.  As  can  be  seen,  there  is  very 
good  agreement  between  all  the  data,  thus  negating  the  idea, 
at  least  for  these  experiments,  that  the  ball  ahead  of  the  one 
under  observation  tends  to  push  the  oil  out  of  the  running 
track  on  the  glass  disks  and  thus  restrict  the  oil  supply 
to  the  ball  being  observed.  In  fact,  at  the  lower  material- 
velocity-load  parameter,  Znif  the  single  ball  spacing  gave  a 
minimum  film  thickness  almost  twice  that  for  both  the  double- 
and  triple-spacing  data.  This  seems  the  reverse  of  what 
would  be  expected  unless  the  balls  are  actually  carrying  the 
oil  into  the  conjunctions.  On  the  other  hand,  the  central- 
region  film  thickness  data  did  not  show  any  variation  for 
the  different  ball  spacings. 
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SECTION  V 


TASK  III  — INVESTIGATION  OF  THE  INFLUENCE  OF  LUBRICANT 
FILM  THICKNESS  TO  BALL-RACE  COMPOSITE  SURFACE 
ROUGHNESS  RATIO  ON  BEARING-LUBRICANT 
PERFORMANCE  AND  LIFE  EXPECTANCY  IN 
A SPACE  (VACUUM)  ENVIRONMENT 


General 


The  main  purpose  of  this  task  was  to  investigate  the 
influence  of  the  ratio,  of  the  EHD  oil  film  thickness  to 

ball-race  composite  surface  roughness  on  bearing-lubricant 
performance  and  life  expectancy  as  typified  by  satellite  sta- 
bilization methods  in  actual  service.  The  overall  objective 
of  this  task  was  to  obtain  data  to  provide  a foundation  for 
the  development  of  accelerated  tests  which  can  be  used  to 
predict  bearing-lubricant  life  expectancy  in  actual  space 
flight  service.  As  has  been  previously  discussed , ^ ® ^ it  is 
believed  that  the  most  realistic  way  to  conduct  such  acceler- 
ated tests  is  through  control  of  the  A^,  ratio.  Accordingly, 
the  Task  III  tests  to  be  discussed  below  were  designed  to 
provide  data  on  bearing  operation  at  different  levels  of  the 
Am  ratio. 


Before  discussing  the  proposed  Task  III  tests  in  detail, 
some  general  comments  concerning  the  selection  of  test  vari- 
ables should  be  made.  First  of  all,  there  were  numerous 
possible  test  variables  which  deserved  study.  These  included 
such  parameters  as  bearing  retainer  processing  variations, 
inlet  contact  starvation  phenomena,  the  ability  of  contemporary/ 
projected  retainer  materials  to  provide  satisfactory  long  term 
lubricant  supply,  and  additive  and  additive  concentration 
variations . 


In  order  to  make  the  selection  of  experimental  variables 
to  be  studied,  the  results  of  the  work  conducted  during  the 
previous  two  years,  as  reported  in  References  7 and  8,  provided 
valuable  guidance.  Firstly,  definite  problems  with  bearing 
retainers  were  encountered  during  this  earlier  work.  These 
problems  exemplified  themselves  by  erratic  torque  behavior 
and  actual  bearing  failure  by  retainer  seizure.  While  this 
could  be  a problem  of  retainer  lubricant  feed,  which  might 
be  alleviated  by  use  of  a different  retainer  material,  it  is 
believed  that  the  problem  was  one  of  retainer  design  and  could 
be  solved  without  introducing  an  additional  variable  of  a 
different  retainer  material.  Secondly,  it  seems  fairly  well 
established  from  the  work  of  the  previous  two  years  that  in 
the  long-term  tests,  full  EHD  lubrication  prevailed  most  if  not 
all  of  the  time.  Since  the  range  of  Am  in  these  long-term  tests 


was  about  0.71  to  1.43,  it  was  concluded  that  deep  boundary 
lubrication  can  only  bo  achieved  at  Am  levels  somewhere 
below  this  range. 

Based  upon  these  findings,  the  Task  III  tests  as  outlined 
below  were  designed  to  achieve  operation  at  much  lower  levels 
of  Am  , which  was  the  primary  variable  to  be  studied,  and  also 
to  isolate  the  retainer  problem.  It  was  believed  that  this 
should  be  done  with  a minimum  of  introduction  of  new  test 
variables  in  order  that  comparisons  with  previous  results  can 
be  made.  Consequently,  some  parameters  such  as  bearing  re- 
tainer processing  variations  and  projected  retainer  materials 
were  performed  in  Task  II  rather  than  in  Task  III.  With  these 
considerations  in  mind.  Task  III  will  now  be  discussed. 

Task  III  consisted  of  throe  long-term  tests  of  six  months 
of  continuous  operation  for  each  test.  Each  test  was  con- 
ducted in  a separate  test  chamber  described  earlier,  with  two 
test  bearings  loaded  against  each  other  with  a 890-N  (200-lb) 
axial  load.  Bearing  speed  for  all  three  tests  was  maintained 
constant  at  100  rpm,  and  the  laboratory  temperature  was  kept 
approximately  at  25  C (77  F)  . 

The  three  separate  test  chambers  were  connected  to  the 
1200  f/sec  vacuum  pump,  described  in  detail  earlier,  (8)  and 
the  bearing  chamber  pressure  was  the  equilibrium  vapor  pres- 
sure of  the  oils.  Each  test  chamber  was  equipped  with  an 
LVDT  system  for  measurement  of  bearing  film  thicknesses,  and 
with  the  necessary  instrumentation  for  torque  measurement. 

Both  measurement  systems  have  been  discussed  earlier. (7,8) 
Bearing  film  thicknesses  as  well  as  torque  were  measured 
at  regular  intervals  throughout  the  entire  duration  of  the 
tests . 

A summary  of  these  three  tests  is  presented  in  Table  1. 

As  shown  in  the  table,  these  tests  were  designed  to  be  con- 
ducted at  two  different  ’ m ratios,  designated  simply  as  low 
and  medium,  since  at  the  time  the  tests  wore  designed  it 
was  not  known  what  the  actual  values  would  be.  The  two  Am 
levels  were  to  bo  obtained  by  using  oils  of  two  different 
viscosities.  The  low  Am  level  would  be  obtained  by  using 
Apiezon  A oil  which  has  a viscosity  of  approximately  54  x 
10“^  m^/s  (54  cs)  at  25  C (77  F)  as  determined  at  SwRI . 

Within  experimental  error,  the  base  Apiezon  A and  formulated 
Apiezon  A oils  both  have  this  same  viscosity  at  25  C (77  F) . 
The  medium  A^^  level  would  be  obtained  by  using  BBRC  362  33 
oil  which  has  a viscosity  of  approximately  225  x 10~6  ni2/s 
(225  cs)  at  25  C. 

The  bearing  race  roughness  in  the  transverse  direction 
(across  grinding  marks),  as  supplied  by  MRC  was  0.406  inn 
(16  iiin.).  This  roucihness  is  twice  that  of  the  "rough" 


TABLE  1.  SUMMARY  OF  TASK  III  TESTS 
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BEARINGS:  Ball-piloted  phenolic  retainers 


bearings  employed  in  the  earlier  work  reported  in  Reference  8. 
This  rougher  race  finish  was  chosen  for  the  long-term  tests 
of  this  study  because  with  the  Apiezon  A and  C oils  employed 
in  similar  tests  conducted  in  the  work  cited  above,  operation 
in  the  boundary  regime  was  apparently  not  achieved  as  there 
was  no  indication  of  wear  on  the  balls  and  races  of  the  test 
bearings.  The  objective  for  the  long-term  tests  in  this 
study  was  to  obtain  levels  of  Am  low  enough  to  hopefully  place 
operation  in  the  boundary  regime  so  that  wear  and  possible 
failure  due  to  wear  would  occur.  Using  this  value  of  0.406 
urn  (16  pin.)  for  the  race  finishes  in  the  transverse  direc- 
tion and  ball  surface  finishes  of  0.025  pm  (1  pin.),  all 
provided  by  MRC,  and  employing  the  expression  for  composite 
surface  roughness,  5c / given  in  Reference  7,  a value  of  ap- 
proximately 0.33  pm  (13  pin.)  is  obtained  for  5c.  This 
assumes  the  bearing  race  surface  finishes  in  the  direction  of 
grinding  marks  is  one-half  that  in  the  transverse  direction. 
Then  using  experimental  values  of  film  thicknesses  as  calcu- 
lated from  ALy  for  the  three  tests  shown  in  Table  1,  and 
employing  the  following  equation: 

= Jl 

<5c 

= dimensionless  minimum  oil  film  thickness  ratio 

= oil  film  thickness  calculated  using  Eq.  (38), 
Appendix  A,  Reference  8 

= composite  surface  roughness  of  two  bearing 
surfaces 

values  of  0.21,  0.26,  and  0.78  are  obtained  for  Am  for  Apiezon 
A with  high  additive  concentration , Apiezon  A witii  low  additive 
concentration,  and  BBRC  36233,  respectively.  Although,  the 
two  endurance  tests  using  Apiezon  A were  designed  to  have  the 
same  Am  value,  there  was  approximately  20  percent  difference 
between  the  calculated  results  of  0.21  and  0.26,  the  lower 
concentration  of  lead  naphthenate  antiwear  additive  giving 
the  higher  Am-  The  film  thicknesses  used  in  calculating  the 
above  Am  values  were  the  average  of  the  last  ten  inner-aft 
bearing  film  thicknesses  that  were  obtained  in  the  three  long- 
duration  tests,  and  these  data  will  be  included  in  those  pre- 
sented in  the  next  subsection  of  this  report  under  experi- 
mental results. 


Am 

where  A 


m 


2 . Experimental  Results 


The  computer  program  that  was  developed  and  employed  to 
compute  the  film  thic)<nesses  for  these  Task  III  tests  was 
discussed  and  presented  earlier. Also  a listing  was 
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presented  in  the  earlier  reference,  but  the  tables  of  com- 
puted data  for  the  long-durat ion  bearing  tests  performed 
during  this  program  are  presented  in  the  Appendix.  The  mea- 
sured variables  for  a long-duration  test  from  the  previous 
study  (8)  which  was  extended  to  12,768  hours  and  had  a high 
Am  of  approximately  1.43  is  presented  in  Figure  15,  and  can 
be  used  for  comparison  purposes. 

Figures  16,  17,  and  18  show  the  measured  variables  for 
the  three  long-duration  Task  III  tests  as  a function  of  time 
for  this  program.  The  film  thickness  data  points  are  values 
that  were  calculated  from  the  measured  displacements,  ALy. 

For  these  Task  III  tests  the  aft  bearing-inner  race  contact 
data  were  plotted  rather  than  the  aft  bearing-outer  race  con- 
tact data  that  were  selected  for  plotting  in  the  Task  II  tests. 
This  was  done  because  these  inner  race  contact  data  are 
printed  out  in  the  Task  III  tables  (Appendix)  whereas  only 
the  equations  containing  the  geometric  constant  are  given  in 
these  tables  for  computing  the  outer  contact  film  thickness 
values.  Again  as  explained  in  subsection  2,  the  four  dif- 
ferent conjunction  films  for  each  test  condition  at  any 
particular  time  are  calculated  from  a single  displacement 
measurement,  ALy.  The  solid  lines  shown  on  the  plots  of  H’ 
and  H versus  time  in  Figures  16,  17,  and  18  are  the  values 
that  would  be  obtained  using  Grubin's  Eq.  (1)  and  Dowson ' s 
Eq.  (3)  for  calculating  central-region  and  minimum  dimension- 
less film  thicknesses,  respectively,  at  the  measured  bearing 
temperatures.  When  comparing  the  data  calculated  from 
measured  ALy  values  with  these  empirical  values  from  the 
equations,  it  is  seen  that  the  actual  film  thicknesses  in  the 
bearings,  for  the  different  ratios,  are  always  less  than 

both  the  empir’cal  minimum  and  central-region  values  pre- 
dicted by  the  equations.  This  in  general  agrees  with  the 
similar  Task  III  data  obtained  earlier  and  shown  in  Figures 
23,  24,  and  25  of  Reference  8.  As  before,  this  suggests 
less  than  flooded  lubrication  in  the  ball-race  conjunctions. 

The  endurance  tests  performed  during  this  program  gave  con- 
siderably thinner  film  thicknesses  in  the  bearings  than 
those  previously  tested  using  similar  oils.  This  implies 
that  the  rougher  bearing  race  surfaces  used  in  this  program, 
which  gives  lower  A^  values  because  of  larger  6q's,  causes 
the  thinner  oil  films  at  the  ball-race  con  junctions . On  the 
other  hand,  the  earlier  short-term  tests  (8)  do  not  support 
this  observation  showing  essentially  no  difference  between 
the  film  thicknesses  for  bearings  having  race  roughnesses 
of  both  0.102  tm  (4  pin.)  and  0.204  iim  (8  iiin.).  Also,  the 
earlier  long-duration  test  having  the  lowest  Am  value  (0.71) 
and  using  Apiezon  A with  a high  concen t ra t ion  of  antiwear 
additive  displayed  film  thicknesses  approximately  one-half 
those  predicted  by  Dowson ' s Eq.  (3)  at  the  beginning  of  the 
test.  Put  those  film  thicknesses  gradually  increast'd  until 


agreeing  reasonably  well  with  Dowson's  equation  at  approxi- 
mately 2,500  hours  of  testing,  and  remained  in  fair  agree- 
ment throughout  the  remainder  of  the  test.  In  the  present 
program,  the  test  having  the  lowest  of  0.21  (Apiezon  A 
with  high  concentration  of  antiwear  additive)  displayed 
very  small  film  thicknesses  throughout  the  entire  4,440 
hours.  Although  the  two  other  tests  having  values  of 
0.26  and  0.78  (Apiezon  A with  low  concentration  of  antiwear 
additive  and  BBRC  36233)  had  somewhat  larger  film  thicknesses 
they  all  remained  significantly  below  either  Dowson's  or 
Grubin's  predicted  minimum  or  central-region  thicknesses. 

In  other  words,  data  obtained  during  this  program  using  the 
rougher  bearings  do  appear  to  give  thinner  film  thicknesses, 
which  is  somewhat  contradictory  to  the  earlier  work.  What 
is  probably  of  more  importance  and  will  have  additional 
discussion  later  in  the  report,  is  the  fact  tliat  tliere  was 
no  evidence  of  rubbing,  wear,  or  even  contact  between  the 
balls  and  races  for  the  extended  tests  using  the  very  rough 
races  and  the  low  viscosity  oil. 

Vacuum  in  the  chamber  appeared  to  behave  as  would  be 
expected,  with  the  pressure  first  increasing  when  the  test 
rigs  were  initially  put  into  motion  and  then  continuing  a 
gradual  decreasing  trend  until  the  end  of  testing.  Between 
450  and  1,600  hours  the  pressure  ion  gage  was  being  repaired, 
therefore  the  chamber  pressure  was  estimated  as  shown  by  the 
dashed  line  on  the  data  plots.  The  measured  torque  in  the 
test  bearings  seemed  to  behave  fairly  normal  with  fluctua- 
tions that  appear  to  bo  reasonable  and  which  remained  con- 
sistent throughout  testing.  As  seen  from  the  plots,  torque 
for  Apiezon  A with  the  low  concentration  of  antiwear  addi- 
tive was  in  general  lower  than  the  torque  for  the  other  tests 

All  three  of  the  endurance  tests  completed  the  4,440 
hours  without  any  bearing  seizure  problems  which  probably 
can  be  attributed  to  the  new  ball-piloted  retainer  design. 
With  this  design  the  retainer  could  not  be  pushed  against 
the  inner  land  of  the  bearing  outer  race  and  caused  to  wedge 
as  was  experienced  in  the  earlier  work. (8)  Therefore,  the 
problem  of  bearing  "lockup"  appears  to  have  been  remedied. 

The  reason  for  the  test  rig  to  stop  and  restart  itself  as 
shown  in  Figure  18  is  not  )<now.  It  is  thought  that  the  motor 
controller  failed  to  operate  for  a short  period  of  time. 

Post-test  Inspection  of  ^a^  III  Bearings.  Figure  19 
shows  a close-up  view  of  the  ball-piloted  retainer  removed 
from  the  aft  bearing  after  Test  No.  1 (Table  1)  was  com- 
pleted. There  was  excessive  buildup  of  debris  on  tlie  ball- 
pocket  tabs  of  the  retainer  as  shown  in  the  photograph. 

This  buildup  was  evident  on  a[)proxi mate  1 y one-half  (180°)  of 
the  tabs  while  the  others  did  not  sliow  any  buileJup.  Tliere 
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was  also  debris  on  the  lands  of  the  outer  race  and  in  the 
running  track,  of  the  outer  race-  The  balls  had  particles 
of  debris  on  their  surfaces  and  were  somewhat  discolored. 

In  other  words  they  were  not  shiny  like  a polished  ball. 

There  was  some  debris  collected  on  both  sides  of  the  ball 
track  on  both  the  inner  and  outer  races.  There  was  some 
oil  on  the  lands  of  the  outer  race,  but  all  other  surfaces 
of  the  remaining  bearing  components  appeared  to  be  very 
dry.  The  inner  race  of  this  bearing  had  wear  marks 
(similar  to  fretting)  on  the  surface  that  mated  with  the 
shoulder  on  the  rig  shaft.  These  wear  marks  are  shown  in 
Figure  20  and  appeared  to  be  caused  by  the  bearing  actually 
moving  slightly  on  the  shaft  during  operation  of  the  rig. 

For  the  forward  bearing  used  in  this  test,  all  com- 
ponents appeared  to  be  very  dry  of  oil.  There  was  some 
buildup  of  debris  on  the  ball-pocket  tabls  of  the  retainer, 
but  not  nearly  the  amount  as  seen  on  the  aft  bearing  dis- 
cussed above.  Buildup  appeared  to  be  fairly  evenly  dis- 
tributed on  all  ball-pocket  tabs.  The  balls  in  this  bearing 
were  also  discolored  and  had  a dirty  appearance.  There  was 
no  visible  pitting,  spalling,  or  flaking  in  either  of  these 
bearings.  In  fact,  the  rubbing  tracks  in  the  races  did  not 
show  any  wear  and  after  wiping  the  debris  away  they  were 
found  to  be  bright  and  shiny  with  the  original  grinding 
marks  still  showing  with  no  apparent  wear. 

The  aft  bearing  from  Test  No.  2 had  a small  amount  of 
oil  on  the  lands  of  the  outer  race.  All  other  components 
appeared  to  be  very  dry  of  oil.  There  was  a small  amount  of 
debris  on  both  sides  of  the  ball  tracks  in  the  inner  and  outer 
races,  but  very  little  debris  buildup  on  the  ball-pocket  tabs 
of  the  retainer.  The  balls  from  this  bearing  were  also  dis- 
colored with  a stained  or  dirty  appearance.  The  forward 
bearing  used  in  Test  No.  2 had  very  little  oil  on  any  of  the 
components  and  also  displayed  very  little  wear  debris.  The 
balls  did  have  the  same  discolored  appearance.  In  general 
this  bearing  was  very  clean.  There  was  no  evidence  of 
pitting,  spalling,  or  flaking  in  either  of  these  bearings. 
Again,  the  grinding  marks  in  the  running  tracks  of  the  races 
were  plainly  visible  without  any  apparent  wear. 

Both  the  aft  and  forward  bearings  used  in  Test  No.  3 
displayed  an  ample  amount  of  oil  on  all  components  after 
4,440  hours  of  testing.  Figure  21  shows  the  inner  race  of 
the  aft  bearing  as  it  appeared  when  the  test  was  completed. 
Note  the  streaks  of  oil  buildup  that  were  left  on  the  race 
as  it  was  removed  from  the  assembled  bearing.  These  streaks 
were  caused  by  a largo  amount  of  oil  being  collected  at  the 
ball-race  conjunctions.  As  ttie  balls  rolled  along  the  race 
in  the  axial  direction  during  disassembly,  the  streaks  of 


oil  were  left  intact  on  the  race  surface.  Also  seen  on  the 
inner  race,  is  the  large  amount  of  dark  debris  collected 
on  both  sides  of  the  ball  track.  This  debris  was  collected 
very  much  the  same  on  both  the  inner  and  outer  races  of  both 
the  aft  and  forward  bearings  with  a somewhat  greater  amount 
visible  on  the  aft  bearing.  The  aft  bearing  had  black 
stains  and  debris  embedded  in  the  surfaces  of  both  the  ball- 
pocket  tabs  and  outer  land  of  the  ball  retainer.  The 
forward  bearing  also  showed  a small  amount  of  black  debris 
on  the  ball-pocket  tabs  and  the  outer  land  of  the  ball  re- 
tainer. There  were  black  wear  spots  inside  the  retainer 
ball-pockets.  The  balls  in  both  bearings  were  covered  with 
oil  containing  particles  of  black  debris.  In  general,  the 
forward  bearing  had  a much  cleaner  appearance  than  the  aft 
bearing.  This  is  attributed  to  the  fact  that  the  inner  ring 
of  the  aft  bearing  had  a wear  track  on  the  surface  that 
mated  with  the  shoulder  on  the  rig  shaft  very  much  the  same 
as  discussed  previously  for  Test  No.  1.  This  wear  track  can 
be  seen  in  Figure  22  which  shows  the  assembled  bearing  as  it 
appeared  after  the  4,440-hour  test  was  completed.  It  is 
believed  that  the  wear  debris  from  the  slight  movement 
between  the  inner  race  and  the  mating  shaft  shoulder,  for 
both  this  test  and  Test  No.  1,  did  find  its  way  into  the 
bearings  and  cause  the  "working  components"  of  the  bearings 
to  have  a very  "dirty"  appearance.  However,  this  wear 
debris  was  not  analyzed  to  determine  if  it  contained  metallic 
particles.  In  both  tests  the  aft  bearing,  which  is  where 
the  wear  occurred,  displayed  more  black  wear  debris  than 
the  forward  bearing. 

For  the  bearings  employed  in  Test  No.  3 there  was  no 
visible  pitting,  spalling,  or  wear  noted  in  the  running 
tracks  of  the  races  or  on  the  balls.  The  grinding  marks 
remained  visible  in  the  running  tracks  of  both  the  inner 
and  outer  races  of  both  bearings. 
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SECTION  VI 


CONCLUSIONS 


Task  II.  From  Test  Series  I,  which  involved  a study  of 
the  effectiveness  of  oil  feed  from  various  retainer  materials, 
the  following  conclusions  are  drawn:  When  oil-impregnated 

Grade  LBB  laminated  cotton  phenolic  is  used  for  the  bearing 
retainer,  little,  if  any,  oil  is  released  from  the  phenolic 
to  provide  for  EHD  lubrication  of  the  ball-race  contacts. 

This  conclusion  is  based  on  the  fact  that  after  24  hours  of 
constant  operation  of  initially  dry  bearings  with  oil-saturated 
retainers,  no  axial  displacement  of  the  bearings  could  be 
detected.  Furthermore,  post-test  visual  examinations  of  the 
bearings  showed  that  the  balls  and  races  of  the  bearings  were 
still  dry.  The  same  conclusion  is  drawn  for  the  case  where 
the  retainers  are  made  from  Meldin  9000  porous  polyimide.  On 
the  other  hand,  when  the  material  is  64HV-2  porous  nylon,  oil 
feed  does  occur.  The  EHD  film  thicknesses  which  develop  are 
measurable  by  the  displacement  technique,  but  in  general  are 
considerably  less  than  what  would  be  predicted  by  the  theo- 
retical EHD  film  thickness  equations.  This  indicates  that 
although  the  porous  nylon  is  superior  to  phenolic  or  porous 
polyimide  as  far  as  oil  feed  is  concerned,  an  oil-saturated 
porous  nylon  retainer  alone  is  not  capable  of  feeding  a suf- 
ficient amount  of  oil  necessary  to  provide  flooded  inlet 
conditions  at  the  EHD  contacts.  To  provide  for  fully-flooded 
inlets,  additional  means  of  supplying  oil,  such  as  an  initial 
application  of  oil  to  the  metallic  components  of  the  bearings, 
will  be  necessary. 

From  Test  Series  II,  which  was  concerned  with  the  effect 
of  retainer/bearing  processing  variables  on  the  ability  of 
bearings  to  form  an  oil  film  of  adequate  thickness,  it  is 
concluded  that  when  the  residual  o’l  film  remaining  on  the 
bearings  is  too  thin,  a severe  starvation  condition  may  result. 
For  space  hardware  applications  where  low  bearing  torque 
requirements  are  necessary,  it  is  common  practice  to  "rinse- 
back"  the  bearing  after  the  oil  is  applied,  to  thin  the 
residual  oil  film  thus  reducing  the  torque  required  to  drive 
the  bearing.  As  was  found  in  the  study  reported  in  Reference 
8,  bearing  rinse-back  to  a residual  oil  film  thickness  esti- 
mated to  be  0.1  ym  (4  yin.)  did  not  result  in  a measurable 
change  in  the  EF[D  film  thicknesses  which  develop  in  a bearing 
as  compared  with  those  which  develop  when  the  residual  oil 
film  thickness  is  about  4 ym  (157  yin.).  For  both  cases, 
however,  some  degree  of  starvation  was  observed.  The  results 
of  Test  Series  II  indicate  that  further  rinse-back  to  an 
estimated  residual  oil  film  thickness  of  0.025  (im  (1  liin.), 
will  result  in  EHD  film  thicknesses  much  thinner  than  those 
which  develop  in  the  bearing  when  the  residual  oil  film  thickness 
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is  0.1  um  (4  ijin.).  Accordingly,  the  degree  of  starvation 
is  much  greater.  In  summary,  it  is  concluded  that  for  BBRC 
36233,  which  was  the  only  oil  subjected  to  tests  in  Test 
Series  II,  the  residual  oil  film  thickness  on  the  bearings 
should  not  be  less  than  about  0.1  pm  (4  pin.)  if  maximum 
EHD  film  thicknesses  are  to  be  obtained  during  bearing 
operation . 

Test  Series  III  involved  a determination  of  the  effects 
of  frequency  and  extremes  of  temperature  variation  on  the 
formation  and  maintenance  of  EHD  films  in  DMA  bearings. 

From  the  results  of  the  tests  conducted  in  this  test  series, 
it  is  concluded  that  for  the  range  of  temperature  excursions 
and  frequencies  investigated,  there  are  no  irreversible 
effects  on  lubricant/bearing  performance.  That  is,  as  the 
bearing  temperature  increases  due  to  an  increase  in  the 
environmental  temperature,  the  EHD  film  thickness  naturally 
decreases  as  a result  of  the  decreased  oil  viscosity.  As 
the  environmental  and  bearing  temperature  decrease,  the  EHD 
film  thickness  increases  again.  During  these  temperature 
excursions,  the  EHD  film  thickness  increases  and  decreases 
along  a single  curve,  and  the  film  thickness  data  are  com- 
pletely correlated  by  the  dimensionless  material-load- 
velocity  parameters  of  Grubin  and  Dowson.  Moreover,  during 
these  limited  tests  performed  with  BBRC  36233,  it  appears 
that  over  the  complete  range  of  temperature  excursions,  the 
inlet  conditions  at  the  EHD  contacts  within  the  bearing  are 
f looded. 

In  Test  Series  IV,  which  involved  a study  of  flooded 
and  starved  EHD  conditions  using  the  SwRI  optical  EHD  tester 
several  conclusions  may  be  drawn.  The  experiments  where  EHD 
film  thicknesses  were  measured  optically  for  oil  coatings 
of  various  thicknesses  on  glass  disks  do  not  support  the  EHD 
film  thickness  measurements  made  in  Task  II  using  the  axial 
displacement  technique  and  actual  bearings.  With  the  glass 
disks,  an  initial  oil  film  coating  with  a thickness  less 
than  11.02  pm  (434  pin.)  resulted  in  severely  starved  EHD 
contact  conditions,  to  the  point  where  the  optical  inter- 
ference patterns  showed  almost  no  EHD  film  thickness  develop 
ment.  On  the  other  hand,  from  axial  displacement  measure- 
ments in  actual  bearings  obtained  in  a previous  study  (8)  and 
in  Task  II,  an  initial  oil  film  coating  in  the  range  of  0.1 
to  4 urn  (4  to  157  pin.)  produced  EHD  films  easily  measurable 
and  sometimes  large  enough  to  indicate  fully  flooded  con- 
ditions. The  reason  for  this  discrepancy  is  not  known  at  th 
present  time,  but  it  is  believed  that  the  most  likely 
explanation  is  that  the  actual  residual  oil  film  thickness 
coatings  on  the  bearings  are  thicker  than  those  which  have 
been  estimated.  Other  contr  ibut  i nc]  factors  may  have  been 
the  possibility  of  poorer  oil  wettability  of  the  glass  disks 
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and  centrifugal  forces  tending  to  thin  the  oil  coating  on 
the  disks. 

The  experiments  with  the  one-ball  retainer  models  and 
the  SwRI  optical  EHD  tester  support,  in  general,  the 
retainer  feed  studies  conducted  with  the  bearings  in  Task 
II.  The  conclusions  are  that  the  Grade  LBB  phenolic  does 
not  result  in  oil  feed  to  the  ball  sufficient  to  develop 
an  EHD  film  that  can  be  measured  optically.  The  Meldin 
9000  porous  polyimide  material  results  in  a slight  amount 
of  oil  feed  to  the  ball,  enough  to  be  able  to  detect  with 
the  optical  interference  technique,  but  not  enough  to 
separate  the  contact  surfaces  completely.  The  64HV-2  porous 
nylon  results  in  more  oil  feed  than  the  porous  polyimide, 
although  there  was  not  enough  oil  to  create  a flooded  con- 
junction. The  feed  from  this  material  began  as  soon  as 
the  test  was  initiated  and  after  several  minutes  of  opera- 
tion side  lobes  were  apparent,  but  a center  strip  in  the 
ball-disk  conjunction  was  wiped  clean  of  oil.  In  conclusion, 
the  phenolic  showed  no  oil  feed,  the  porous  polyimide  had 
limited  oil  feed,  and  the  porous  nylon  displayed  the  best 
oil  feed,  but  not  enough  for  flooded  lubrication. 

For  the  experiments  with  the  multi-ball  retainer  models 
using  the  SwRI  optical  EHD  tester,  there  was  not  sufficient 
oil  feed  from  either  the  Meldin  9000  porous  polyimide  or 
Nylasint  64HV-2  porous  nylon  to  cause  any  separation  in  the 
ball-disk  contacts.  This  is  not  in  agreement  with  the  one- 
ball  model  experiments  and  may  have  resulted  because  of  the 
different  loads  and  different  conformity  of  the  mating 
surfaces  for  the  two  model  experiments.  Control  of  the 
loading  and  conformity  was  inherently  not  as  good  when  using 
the  multi-ball  models. 

The  ball  spacing  experiments  using  the  Nylasint  M-4 
porous  nylon  in  the  SwRI  optical  EHD  tester  showed  that  for 
three  different  ball  spacings  the  ball-disk  conjunction  film 
thicknesses  were  very  nearly  the  same  for  equivalent  mate- 
i rial-veloci ty- load  parameters.  This  leads  to  the  conclusion, 

at  least  for  the  range  of  conditions  covered  by  these  experi- 
ments, that  the  leading  ball  does  not  tend  to  push  the  oil 
out  of  the  running  track  and  thus  restrict  the  oil  supply 
to  the  trailing  ball  resulting  in  oil  starvation.  Of  course 
it  should  be  realized  that  in  these  experiments,  as  would 
be  likely  in  an  actual  bearing,  the  entire  complement  of 
balls  do  not  necessarily  run  along  exactly  the  same  track. 

In  fact,  there  may  be  as  many  different  tracks  as  there 
arc  balls,  thus  having  many  tracks  very  closely  spaced  or 
oven  partially  over  lap{iing . 
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Task  III.  For  these  long-duration  tests  the  low  con- 
centration of  antiwear  additive  gave  lower  torque  require- 
ments. On  the  other  hand,  the  bearings  exhibiting  the 
lowest  torque  requirements  (low  concentration  of  antiwear 
additive)  had  larger  EHD  film  thicknesses  than  bearings 
lubricated  with  the  same  base  oil  containing  a higher 
concentration  of  antiwear  additive.  However,  the  film 
thicknesses  for  both  oils  were  well  below  those  predicted 
by  the  theoretical  equations  of  Grubin  and  Dowson  for 
flooded  isothermal  conditions.  As  expected,  the  higher 
viscosity  oil  with  the  higher  concentration  of  antiwear 
additive  exhibited  significantly  larger  film  thicknesses 
and  torque  requirements,  although  these  film  thicknesses 
remained  well  below  those  predicted  by  Dowson  and  Grubin. 
These  data  in  conjunction  with  the  fact  that  no  wear, 
pitting,  or  spalling  on  the  running  tracks  of  the  balls  or 
races  were  visible  in  the  post-test  inspections,  lead  to 
the  conclusion  that  the  operation  of  the  bearings  for  all 
three  tests  was  in  the  full  EHD  regime,  although  flooded 
lubrication  was  not  present. 

Comparing  the  torque  data  for  the  first  4,440  hours  of 
operation,  using  BBRC  36233  and  ball-piloted  retainers  with 
the  same  oil  and  outer- land-riding  retainers  shows  that  the 
ball-piloted  retainers  in  general  required  significantly 
less  torque,  especially  toward  the  end  of  the  4,440-hour 
period.  Since  none  of  the  long-duration  tests  were  halted 
because  of  bearing  seizure,  as  happened  in  the  earlier  pro- 
gram,(8)  it  is  concluded  that  the  new  ball-piloted  retainer 
design  alleviated  the  problem.  Also  it  was  observed  in  this 
program  as  well  as  in  the  previous  study,  that  problems 
of  bearing  operation  for  oil  lubricated  DMA  bearings  arc 
more  likely  to  be  related  to  retainer  design  and/or  wear 
than  ball  and  race  wear. 

The  primary  difference  between  the  two  long-duration 
tests  using  Apiezon  A (Test  No.  1 and  Test  No.  2)  was  the 
excessive  buildup  of  debris  on  the  ball-pocket  tabs  of  the 
aft-bearing  retainer  for  the  test  with  the  high  concentra- 
tion of  antiwear  additive  (Test  No.  1).  Both  the  bet'irinqs 
in  the  high  antiwear  additive  test  exhibited  more  debris 
than  those  employed  in  the  low  anti  wear  adfiitive  tost,  but 
this  can  probably  be  partially  attributed  to  the  wear 
between  the  inner  race  of  the  aft  bearing  and  the  mating 
shoulder  of  the  tost  rig  shaft  which  occurred  durinej  per- 
formance of  the  tost. 

From  the  measurements  of  the  F.HD  film  thicknesses  in  the 
bearings  using  the  race  displacement  technique,  the  Am  ratio 
for  the  tests  whore  Apiezon  A with  additives  was  employed  w.is 
as  low  as  0.21.  Yet  examination  of  the  bearing  races  and 


balls  indicated  that  little,  if  any,  rubbing  wear  occurred. 
It  is  thus  concluded  that  lubrication  was  very  nearly  in 
the  full  EHD  regime  for  these  tests.  Consequently,  it  has 
not  been  possible  to  determine  the  effect  of  on  the 
bearing-lubricant  system  life.  However,  it  has  been  estab- 
lished from  these  tests  that  for  periods  of  4,440  hours, 
satisfactory  operation  from  an  EHD  film  standpoint  can  be 
attained  at  Am  values  as  low  as  0.21  even  with  bearings 
having  a thin  initial  oil  coating  and  very  rough  bearing 
races  of  0.406  pm  (16  pin.),  if  ball-piloted  retainers  are 
employed. 
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